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Dentre as metodologias de elevação artificial de petróleo, a Bomba Centrífuga Submersa 
(BCS) destaca-se por sua elevada produção e ampla aplicação em diversos cenários. Na 
extração de petróleo, a BCS pode operar com misturas gás-líquido, líquido-líquido ou gás-
líquido-líquido, ou seja, misturas bifásicas (gás-óleo ou água-óleo) ou trifásicas (gás-óleo-
água). No caso de operação com misturas gás-óleo, para altas vazões de líquido e baixas 
frações de gás, a bomba apresenta um desempenho similar ao observado em escoamentos 
monofásicos. Entretanto, o desempenho sofre uma severa degradação quando a bomba opera 
com elevadas frações de gás ou ainda com elevadas frações de água no escoamento. Para a 
operação com a mistura água-óleo, a presença de água causa a formação de emulsões no 
interior do rotor da BCS afetando consideravelmente sua capacidade de elevação. Isso ocorre 
principalmente, devido ao aumento da viscosidade da emulsão em relação às condições de 
projeto da bomba. Apesar da presença de água ser uma constante na produção de petróleo, 
apenas recentemente observa-se um esforço maior da comunidade científica em estudos da 
influência da presença de água nos fenômenos relacionados à produção de petróleo. Exemplos 
disso são os escoamentos líquido-líquido em tubulações e formação de emulsões em BCS. A 
emulsão é caracterizada pela presença de um fluido disperso (fase dispersa) em outro (fase 
contínua). Dependendo da fração de fase dispersa e das características físicas e químicas dos 
fluídos, há a ocorrência de um fenômeno denominado inversão de fase contínua. Esse 
fenômeno promove instabilidades operacionais na produção de campos produtores de 
petróleo. O objetivo deste trabalho é então investigar o fenômeno de inversão de fase e 
viscosidade efetiva da emulsão, ambos dentro da BCS. Para isso, inicialmente, foram 
comparados modelos de viscosidade efetiva em tubulação com as viscosidades efetivas 
obtidas experimentalmente em tubo, apresentando boa concordância. Para verificar a relação 
entre a viscosidade efetiva e o tamanho das gotas no escoamento, foi realizada uma análise de 
Distribuição de Tamanho de Gota (DTG) na saída da BCS e foi observado que a diminuição 
do tamanho de gota contribuía para o aumento da viscosidade efetiva tanto no tubo quanto 
dentro da BCS. Durante esses testes, o ponto de inversão de fase contínua foi detectado tanto 
no tubo, através da medida de diferencial de pressão, quanto na BCS, variação brusca de 
desempenho. Para determinar a viscosidade efetiva da emulsão dentro da BCS, curvas de 
desempenho monofásico viscoso foram obtidas experimentalmente. Esses dados foram usados 
para determinar os coeficientes geométricos de um modelo semi - empírico do adimensional 
de elevação para a BCS em questão. O modelo obtido foi utilizado para determinar a 
viscosidade efetiva na BCS. Então, foram comparadas as viscosidades efetivas obtidas com as 
viscosidades do óleo e da água, assim como, o desempenho da BCS operando com emulsão e 
com óleo, obtendo valores similares para baixas rotações. Com o aumento da rotação houve 
aumento da viscosidade efetiva dentro da BCS. Diferente comportamento da viscosidade 
efetiva entre o escoamento em tubo e dentro da BCS foi observado para emulsões do tipo 
água em óleo devido ao elevado campo centrífugo. E, finalmente, com o intuito de analisar o 
comportamento do fenômeno de inversão fase em uma situação mais fiel as condições reais, 
foram realizados testes trifásicos (gás/óleo/água) para analisar a influência do gás, detectando 
a inversão de fase para menor razão de água para elevadas rotações da BCS. 
 
Palavras Chave: Bomba Centrífuga Submersa; emulsões água-óleo; inversão de fase; 
viscosidade efetiva; escoamento multifásico. 
 ABSTRACT 
Among the methodologies of oil artificial lift, one that stands out for its excellent production 
and wide application in several scenarios is the Electrical Submersible Pump (ESP). In oil 
extraction, ESPs can operate with gas-liquid, liquid-liquid or gas-liquid-liquid mixtures, i.e. 
two-phase (gas-oil or water-oil) or three-phase (gas-oil-water) mixtures. In the case of gas-oil 
operation, for high-liquid and low-gas flow rates, ESPs perform similarly to pumps observed 
in single-phase flows. Their performance deteriorates, however, when the ESP operates with 
high gas fractions or with high fractions of water. For an operation with a water-oil mixture, 
the water presence causes the formation of emulsions inside the ESP rotor, significantly 
impacting its lifting capacity. This happens due to the increase of emulsion viscosity relative 
to the pump design conditions. In petroleum production, the presence of water is a constant, 
yet it has been only recently that researchers have tried to fully grasp the influence of the 
water presence on oil production. Researchers have, for example, studied liquid-liquid flow in 
pipes and formation of emulsions within ESP. An emulsion is characterized by the presence 
of a dispersed fluid (dispersed phase) in another (continuous phase). Depending on the 
dispersed phase fraction and the physical and chemical characteristics of the fluids, there can 
occur what is known as continuous phase inversion. In oil production, continuous phase 
inversion promotes operational instabilities. The aim of this study then is to investigate phase 
inversion and emulsion viscosity, both within ESP. The work begins by comparing pipeline 
effective viscosity models with experimentally obtained viscosities, presenting good 
agreement. To verify the relationship between effective viscosity and droplet size, it was 
performed a Drop Size Distribution (DSD) analysis at the ESP outlet and it was observed that 
the decrease in droplet size contributed to the increase of the effective viscosity both in the 
tube and within ESP. During these tests, the continuous phase inversion was detected, at the 
same time in the pipeline by measuring the pressure and within the ESP by observing abrupt 
performance variation. To determine the emulsion-effective viscosity within the ESP, it were 
obtained—via experiment—viscous monophasic performance curves. These data were used to 
determine the geometric coefficients of an empirical model of the dimensionless head for the 
ESP tested. This model, in turn, is used to determine the effective viscosity on ESP. This is 
then compared with the effective viscosity obtained with oil and water viscosities, as well as 
the ESP performance operating with emulsion and oil, obtaining similar values for low 
rotations. Different behavior of the effective viscosity between the pipeline flow and within 
ESP was observed for water-in-oil emulsions due to the high centrifugal field in the ESP. 
Finally, to analyze the phase inversion phenomenon behavior, in more realistic conditions, it 
was analyzed the gas influence by carrying out three-phase tests (gas / oil / water), detecting 





Key-words: Electrical Submersible Pump; water-oil emulsions; inversion phase; effective 
viscosity; multiphase flow. 
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𝑒  Pipe roughness  m 
𝑓  Friction factor - 
𝑔  Gravity m/s2 
𝐻  Head m 
𝑘1, 𝑘2, 𝑘3 …   Geometrics fitting parameter  - 
𝐿  Pipe length  m 
𝐿𝑖  ESP generic dimension m 
𝑛  Geometric fitting parameter - 
𝑛𝑖  Individual droplet count - 
𝑁𝑠 Specific velocity - 
𝑃  Pressure N/m² 
𝑃ℎ  Hydraulic pressure N/m 
𝑃𝑚 Mean Pressure N/m 
𝑞  Total flow rate m³/h 
𝑞𝑜  Oil flow rate m³/h 
𝑞𝑤  Water flow rate m³/h 
𝑅²  Determination coefficient - 
𝑅𝑅  Dimensionless geometry - 
𝑅𝑒𝑚  Mixture Reynolds number - 
𝑅𝑒𝜔  Rotational Reynolds number - 
𝑠  Slip - 
 𝑇  Torque N.m 
𝑇𝐼𝑁   Temperature ESP inlet °C 
𝑈𝑚 Mixture superficial velocity m/s 
𝑉𝑐   Dispersed phase in situ velocity m/s 
𝑉𝑑  Continuous phase in situ velocity m/s 
𝑇 Temperature K 
𝑉  Velocidade ou Velocidade in situ m/s 
𝑊𝑠̇  Shaft power W 
𝑧  Coordinate in vertical direction m 
Greek Letters  
𝛽2 Impeller vanes outlet angle rad 
𝜎𝑂𝐴 Oil surface tension mN/m 
𝜎𝑊𝐴 Water surface tension mN/m 
𝜎𝑂𝑆   Oil-solid interfacial tension mN/m 
𝜎𝑊𝑂  Water-oil interfacial tension mN/m 
𝜎𝑊𝑆   Water-solid or interfacial tension mN/m 
∆𝑃  Pressure difference  Pa 
𝜖 Relative roughness - 
𝜃 Contact angle  ° 
𝜃𝑂𝐴  Oil-air contact angle  ° 
𝜃𝑊𝑂  Water-oil contact angle  ° 
𝜃𝑂𝑊  Oil-water contact angle  ° 
𝜃𝑊𝐴  Water-air contact angle  ° 
𝜇 Viscosity cP 
𝜇𝑐 Continuous phase viscosity cP 
𝜇𝑑 Dispersed phase viscosity cP 
𝜇𝑒  Emulsion effective viscosity cP 
𝜇𝑜 Oil viscosity cP 
𝜇𝑤 Water viscosity cP 
𝜌  Specific mass kg/m3 
𝜌𝑒   Emulsion specific mass kg/m
3
 
𝜌𝑜  Oil specific mass kg/m
3
 
 𝜌𝑤  Water specific mass kg/m
3
 
𝜔 ESP rotational speed rad/s 
𝜂  ESP efficiency - 
𝛷 Dimensionless flow rate - 
𝛹 Dimensionless head - 
𝛹𝑚 Mean dimensionless head - 
𝛹𝑚𝑀𝑎𝑥 Maximum mean dimensionless head - 
𝛹𝑚𝑀𝑖𝑛 Minimum mean dimensionless head - 
𝛹𝑚𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 Mean dimensionless head normalized - 
𝛸 Rotational Reynolds Inverse - 
𝛱 Dimensionless power - 
𝜙 Water cut - 
Subscript 
c Continuous phase  
d Dispersed phase  
e Emulsion  
i Individual value  
m mean  
max maximum  
min minimum  
o oil  
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In extracting crude oil, it is usually necessary to adopt techniques that promote oil flow 
to the surface and thus increase oil production. These techniques involve engineers installing 
equipment to provide additional energy to the fluid—a technique known as the artificial lift 
method. One artificial lift method that stands out for its excellent production and wide 
applicability is the Electrical Submersible Pump (ESP). The ESP consists of an electric motor, 
sensors, and other components that allow remote operation. Used widely in the oil exploration 
industry, the ESP is a multistage centrifugal pump with each stage having an impeller and a 
diffuser (Figure 1.1). This kind of artificial lift method offers additional energy to fluids 
converting kinetic energy (on impeller) into pressure energy (on diffuser). 
 
Figure 1.1. ESP stages. 
In oil extraction, the ESP can operate with mixtures characterized by multiphase flows 
of gas-liquid (gas-oil), liquid-liquid (oil-water) and gas-liquid-liquid (gas-oil-water). Liquid-
liquid mixtures, observed in many industrial and natural processes, can be composed of two 
immiscible phases with flow patterns arranged in various geometric configurations. When 
well mixed, they are known as emulsions and have greater viscosity than pure oil. An 
emulsion is composed of a dispersed phase and a continuous phase. The formation of 
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emulsion takes place in the oil-water flow. This emulsion can be oil-in-water, where the 
dispersed phase is the oil, or it can be water-in-oil, where the dispersed phase is the water. 
The properties of emulsions are determined by which phase is dispersed. The boundary that 
separates the two types of dispersion (oil-in-water and water-in-oil) is called the continuous 
phase inversion. The continuous phase in emulsion affects the viscosity. In fact, the apparent 
viscosity of the emulsion can be influenced by such factors as viscosity of the oil and water, 
water content, temperature, droplet size distribution and shear rate (Kokal, 2005). The 
apparent viscosity is important because it directly affects the lift performance of the ESP (Zhu 
et al., 2016). 
Researchers are still investigating how ESP performance is impacted by several 
phenomena related to the multiphase flow inside pumps, phenomena such as foaming, 
cavitation, and emulsion. With high flow rates of liquid and high oil fractions, the ESP has 
similar performance to that observed in oil single-phase flows. It is when the pump operates 
with high-viscosity liquids or with emulsions that the performance suffers degradation. The 
presence of water generates emulsions within the ESP impeller that strongly affect the lift 
capacity. The formation of stable emulsions in the oil lift process affects the performance of 
oil separators on platforms, considerably increasing the time and energy required to separate 
the phases. 
1.1 Motivation 
In fact, in oil production, crude oil-water emulsions are generally present. Hence, 
researchers have recently begun trying to understand the effects of such presence on artificial 
lift methods, mainly on ESP. In emulsion pipeline flows, researchers are well aware of the 
inversion phase phenomenon and effective viscosity (Arirachakaran et al., 1989; Ioannou et 
al., 2004; Guet et al., 2006; Ngan et al., 2009; Plasencia et al., 2013). In this case, the 
emulsion’s effective viscosity (for emulsions of water-in-oil) increases until the continuous 
phase inversion is reached and consequently increases the pressure drop in this range.  
In the emulsion flow within ESP cases, the increase in effective viscosity causes an ESP 
performance drop. When the continuous phase inversion point is reached, this viscosity 
suddenly changes, causing ESP operational instabilities. Thus when working with oil-water 
emulsions, ESP systems can suffer performance reductions (caused by losses in viscosity) and 
run-life reduction (caused by operational instabilities).  
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Hence, this work seeks to understand how ESPs are affected by phase inversion and 
effective viscosity. The aim is to contribute to the improvement of ESP’s operational control. 
1.2 Objective 
The main goal of this work is to understand how phase inversion and effective viscosity 
affect ESPs. The aim is to contribute to the improvement of ESP’s operational control. 
To achieve such objective the following activities were performed: 
 investigate experimentally an emulsion’s effective viscosity in a pipeline by 
comparing it with the literature’s model for viscosity and phase inversion;  
 investigate the continuous phase inversion phenomenon within an ESP; 
 analyze the droplet size distribution of water/oil emulsion at the ESP inlet and 
outlet for several water cut values;  
 analyze the emulsion’s effective viscosity within the ESP; 
 examine the effects of gas injection on continuous phase inversion within the 
ESP. 
Initially, the effective viscosity of an emulsion in a pipeline was obtained and its 
behavior was compared with literature models for two oil viscosities. In this initial study, 
researchers observed the continuous phase inversion and used an inversion phase model to 
predict this point. The effective viscosity was obtained using the pressure drop of the 
emulsion line (ESP outlet). These results were compared with four simple effective viscosity 
models—those of Einstein (1906, 1911), Furuse (1972), Taylor (1932), Brinkman (1952) and 
Roscoe (1952). 
Researchers then obtained the oil’s single-phase performance curves for many ESP 
rotational speeds and oil viscosities. From these curves, it was determined the Best Efficiency 
Point (BEP) for each ESP rotational and oil viscosity. The total flow rate correspondent to 
each BEP was kept constant in a two-phase test and the water cuts were increased from zero 
to a hundred percent and vice-versa (in some tests).  
Thus, in the water/oil emulsion tests, the effects of phase inversion within an 8-stage 
ESP were investigated, mainly, at efficiency and lift capacity (head) as a function of the water 
cut. The phase inversion point was compared with Arirachakaran et al. (1989) model. 
Analyses were then performed of the qualitative influence of droplet size distribution in phase 
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inversion phenomenon. The 8-stage ESP was tested with five different rotational speeds and 
oil viscosities of 52, 122, and 298 cP for two oils (A and B). 
After obtaining the head curves for ESP operating with water/oil emulsion, these data 
were compared with the head values for oil and water single-phase. Then, using the Biazussi 
(2014) model, researchers obtained the emulsion’s effective viscosity within the ESP and 
compared it with the oil’s viscosity.  
The three-phase test was carried out to investigate the effects of gas injection on a 
continuous phase inversion point within an ESP. 
All experimental data were collected at LABPETRO – Experimental Laboratory of 
Petroleum "Dr. Kelsen Valente" at University of Campinas – Brazil in a flow loop facility 
especially designed for ESP performance testing with oil-water emulsion flow.  
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2  LITERATURE REVIEW  
This chapter is divided into six sections. The first two introduce the basics concepts 
about Electrical Submersible Pumps (centrifugal pumps) and dimensional analysis. In 
addition, the last four review the literature on water/oil emulsions and their flow in pipelines 
as well as centrifugal pumps. 
2.1 Electrical Submersible Pump Systems 
One of the main elements that make up an Electrical Submersible Pump Systems is the 
multistage centrifugal pump. This component consists of many centrifugal pumps linked in 
series form. Responsible for triggering this element is an electrical motor. 
In a centrifugal pump, the energy provided to path fluid can be determined by applying 
a control volume within the pump. Assuming a steady state, isothermal flow and 
incompressible fluid, the following expression can be obtained: 
𝑃ℎ = 𝑞𝜌𝑔𝐻 (2.1) 
where 𝑃ℎ is the hydraulic power, q is the total flow rate, g is the gravitational acceleration, 𝜌 


















where V is the fluid velocity, z is the vertical distance and P is the pressure. Therefore, H is 
defined as liquid head, which represents the height to which the liquid can be raised by the 
pump (measured in meters). The shaft power (𝑊𝑠̇ ) needed to trigger the multistage centrifugal 
pump is given by: 
𝑊𝑠̇ = 𝜔𝑇 (2.3) 
where 𝜔 is the ESP rotational speed and T is the torque. 
Because of the flow and mechanical losses inside the pump, the 𝑊𝑠̇  energy does not 
totally convert to hydraulic power. Thus, the centrifugal pump efficiency is defined as the 







2.2 Dimensional Analysis 
Dimensional analysis in centrifugal pumps is widely used before starting an extensive 
experimental analysis. The objective is to shed light on the physical and operational variables 
of the pump performance. This procedure allows the extraction of data trends that would 
otherwise remain disorganized and even incoherent. 
The output variables such as pressure gain (∆𝑃) and shaft power (𝑊𝑠̇ ) are functions 
dependent on various parameters such as impeller diameter, rotational speed, fluid density, 
viscosity, and geometrical characteristics. Therefore, the head equation can be interpreted as 
Equation (2.5) and the shaft power as Equation (2.6): 
∆𝑃 = 𝑓1(𝑞, 𝐷, 𝜇 , 𝜔, 𝜌, 𝜖) (2.5) 
𝑊𝑠̇ = 𝑓2(𝑞, 𝐷, 𝜔, 𝜌, 𝜇, 𝐿𝑖) (2.6) 
In Equations (2.5) and (2.6), q is the volumetric flow rate, D is the rotor diameter, ω is 
rotation, ρ is density, μ is viscosity, and 𝐿𝑖 is the generic dimension of pump. 





    











   








   
Rotational Reynolds Number 
(2.10) 








The efficiency (η) is already dimensionless and is only connected to the parameters 





To obtain the specific velocity, a combination of dimensionless numbers can be used, as 









2.3 Oil/water emulsion 
Emulsion is characterized as the dispersion of a liquid phase into another. Hence, it is 
composed of two immiscible fluids and produced by turbulence or shear. The size of the 
droplets are usually spread in the range of 0.01 – 100 µm, causing a series of changes in the 
physical properties of the fluid compared to the isolated fluids. Emulsions can be classified as 
two main types—water-in-oil (w/o) or oil-in-water (o/w). The w/o significantly affects crude 
oil production (Schramm, 1992).  
Although emulsions usually seem to be homogeneous fluids, at least after being 
prepared, a microscopic view of these systems evidences a collection of droplets surrounded 
by a continuous phase.  
For the petroleum industry, water-in-oil emulsions are a huge problem, impacting 
production and oil prices. Crude oil emulsions are produced by a combination of factors that 
make propitious not only the dispersion of water into oil, but also the usually high stability of 
the emulsions produced (Oliveira, 2010).  
The water typically originates from the formation or injection of water as a secondary 
recovery method. Independent of its origin, the produced water usually has a complex salt 
composition, with high salinity. The emulsion stability can be enhanced and the effective 
viscosity of the emulsion increased by the chemical interaction among cations from the 
aqueous phase and components from the crude at the water-oil interface (Perles et al., 2012). 
On the other side of the water-oil boundary is the oil, a very complex fluid composed of 
several classes of organic compounds, some of them effectively acting to stabilize water-in-oil 
dispersions (Paso et al., 2009). Researchers still do not know entirely the mechanism behind 
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the crude oil emulsions stabilization, though they do recognize the participation of the resins, 
asphaltenes and surface active fractions (McLean and Kilpatrick, 1997; Sjöblom et al., 2003, 
Sjöblom et al., 2007; Singh et al., 2003; Wauquier, 1995 and Pal, 1996). Researchers continue 
to debate how each class of components act. Some authors suggest that asphaltenes/resins 
cooperate while others conclude that solid asphaltenes are responsible for the emulsion 
stabilization. Still being discussed are the characteristics and the composition of the interfacial 
film formed. 
Turbulence and shear caused by flow, valves and pumps along the rising path promotes 
the energy necessary to disperse the water into the crude oil, making it impossible to prevent 
the emulsion formation along the production lines. 
Flow assurance problems arise from the increasing viscosity and changes in rheological 
behavior of the fluids being transported through long pipelines  
2.4 Emulsion stability and phase inversion 
Emulsions are systems with huge interfacial areas and the dissimilar chemistry between 
both phases indicates that the energy increases in proportion to the contact area. Thus, the 
increase of the interfacial area by an area unity is accompanied by a rise, of the same value, in 
the system energy. Therefore, emulsions are thermodynamically unstable systems. However, 
the kinetics of droplets’ coalescence is controlled by a system of variables such as the 
viscosity of the continuous phase, the system temperature, the chemical composition of the 
phases and the mean size and size distribution of droplets inside the emulsion. Regardless the 
degree to which surfactants reduce the interfacial energy, emulsions will always be unstable 
thermodynamically. The time necessary to break it up into separated phases is a matter of the 
energetic barrier between both thermodynamic states, i.e., the energy of the transition state 
that separates the droplets state from a continuous phase. Microemulsions, in contrast, are 
spontaneous because the interfacial tension is very low or zero (Schramm, 1992; Abbot, 
2015).  
The high kinetic stability usually observed for crude oil emulsions is a result of several 
factors including viscosity and oil chemistry, i.e., presence of emulsifying agents (surfactants) 
like asphaltenes (solid or solubilized), naphtenic acids and resins. The amphoteric identity of 
these compounds make them spontaneously migrate to interfaces, reducing the interfacial 
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energy and, more importantly, increasing the energetic barrier for the droplet break-up 
process (Myers, 1999; Karcher, 2008; Langevin et al., 2004). 
The inversion phenomenon is characterized by the change of one type of emulsion into 
another, i.e., w/o into o/w or vice versa. Even though the inversion phenomena is usually 
characterized as a point in which one type of emulsion turns into another, the whole process is 
more complex and it happens over a range of dispersed phase fractions. The transition is a 
highly complex process, one that is still not well understood. 
In the oil industry, engineers occasionally invert the water-in-oil emulsion into an oil-in-
water one to improve flow and pumping efficiency. It happens because the water changes 
place with the oil, which was in contact with the pipe wall before the inversion. While for 
production issues it is appealing to invert phases, the impact of a catastrophic inversion on 
centrifugal pumps can become a significant problem because of the sudden change in the fluid 
viscosity and the consequent operational instabilities (Abbot, 2015; Salager, 2005). 
2.5 Oil/water emulsion flow in pipelines 
Researchers have only recently begun studying oil-water emulsions in ESPs, so the 
literature has nothing to offer on the subject. On the other hand, several scholars have studied 
liquid-liquid (oil-water) flow in pipes, which usually occurs in the petroleum industry 
(Arirachakaran et al., 1989; Ioannou et al., 2004; Guet et al., 2006; Ngan et al., 2009; 
Plasencia et al., 2013). Arirachakaran et al. (1989) studied oil/water flows in horizontal pipes 
via various experiments using a wide range of oil viscosities. They proposed a correlation for 
predicting the phase inversion point, as presented in Equation (2.14). They also observed that 
the main factor that influences the inversion point is oil viscosity, and the water fraction input 
required to invert the dispersed phase increases with decreasing oil viscosity. The authors 
report a sudden drop in the pressure gradient due to friction when the continuous phase 
changed from oil to water. The correlation in predicting the phase inversion point of an oil-
water system was applied in various experimental data in the literature and provided 
satisfactory results. 










Ioannou et al. (2004) analyzed the phase inversion phenomenon in oil-water flow and 
its effects on pressure gradient in pipelines composed of two materials (steel and acrylic) and 
two pipe diameters (60 and 32mm i.d.). They observed that the mixture velocity and initial 
conditions (water in-oil or oil-in-water emulsion) modified the phase inversion point 
(hysteresis effect). The effect on pressure gradient was the same as that observed by 
Arirachakaran et al. (1989).   
Ngan et al. (2009) proposed another methodology to predict phase inversion in 
pipelines. This method consisted of comparing the apparent viscosity when oil or water is in 
the continuous phase. The phase inversion point is determined when these apparent viscosities 
are equal. To predict the mixture’s viscosity, the authors used some correlations found in the 
literature. Among the analyzed correlations, Brinkman (1952), Roscoe (1952), Furuse (1972) 
and Pal (2001) predicted inversion within the experimental phase inversion range. This 
methodology was also compared with critical phase fraction models from the literature. A 
satisfactory result was obtained between Yeh et al. (1964) and Ngan et al. (2009) as well as 
for experimental data for a range of oil viscosities. 
Guet et al. (2006) proposed a model to obtain the superficial velocities in horizontal and 
slightly inclined oil-water pipe flow conditions. To determine the inversion point for 
dispersion of oil-in-water or water-in-oil pipe flow, the authors used Arirachakaran et al. 
(1989) model, using it to develop the hybrid model for dispersion effective viscosity. Its 
experimental validation was realized in a pipeline with a length of 15 m and a diameter of 
8.28 cm at various orientations. The new hybrid viscosity model, which described the 
experimental data reasonably well, was based on drop break-up and coalescence effects. The 
authors suggested a more detailed study of the effective viscosity with droplet size 
distribution by means of local measurements. They found a reasonable agreement between the 
proposed model to determine the superficial velocities and the experimental data. 
Using six different crude oils (viscosities range of 4.8 to 23.5 cP), Plasencia et al. 
(2013) performed a water-in-crude oil emulsions pipe flow comparative study in a small flow 
loop. They calculated the effective viscosity by measuring the pressure drop. The phase 
inversion point and the in-situ droplet size distribution were measured using a Focused Beam 
Reflectance Measurement (FBRM) technique. Plasencia et al. (2013) observed a similar 
increase of emulsion viscosity of six crude oils up to 30% water cut, and then its viscosities 
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differences increased. They noticed the formation of smaller droplets with the increase of 
shear rates caused by mixture velocity. Larger droplets appeared with the increase of water 
cut and with the phase inversion point approach, 
Instead of providing the actual droplet size, the Focused Beam Reflectance 
Measurement (FBRM) technique provides the chord length distribution. For this reason, 
Greaves et al. (2008) studied the accuracy of the Metter-Toledo Lasentec
®
 FBRM probe. 
They used the particle video microscope (PVM) probe to test the FBRM results accuracy. For 
emulsion systems, the FBRM presented particle sizes smaller than those from the PVM and 
for systems containing glass particles it presented particle sizes greater than those from PVM. 
The authors concluded that the FBRM could precisely detect system changes such as particle 
size variations. 
2.6 Oil/water emulsion flow through centrifugal pumps 
Research involving droplet size distribution and oil/water emulsion-effective viscosity 
in centrifugal pumps has been carried out by such authors as Khalil et al. (2006); Ibrahim and 
Maloka, (2006); Khalil et al. (2008) and Morales et al. (2012). Khalil et al. (2006) analyzed 
oil/water mixture viscosity of stable and instable emulsions. These analyses were used in a 
later study (Khalil et al., 2008) in which the emulsion viscosity was the main factor that 
affected the performance reduction of a centrifugal pump. Khalil et al. (2006) concluded that 
an unstable emulsion viscosity was lower than a stable emulsion viscosity. Perhaps this is due 
to the reduction of internal droplet recirculation with the addition of surfactants. Thus, the 
particles behave as rigid spheres, increasing the emulsion viscosity. 
One of the first studies about droplet size characterization of oil/water dispersion flow 
in centrifugal pumps was carried out by Ibrahim and Maloka (2006). They analyzed a 
daughter droplet size distribution occurring in the centrifugal pump. The authors proposed a 
correlation for the daughter droplet size distribution characteristic diameters as a function of 
inlet distribution. 
Khalil et al. (2008) carried out an experimental investigation about a centrifugal pump 
performance operating with oil/water emulsions flow. Using mineral oil and tap water, the 
research team prepared three different emulsion samples varying the water cut from 100 to 
35%. Two sets were prepared with surfactants producing stable emulsions and one set was 
prepared without a surfactant (unstable emulsion). They observed that, when the centrifugal 
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pump was operating with emulsion flow, the flow rate, head, and efficiency of the pump 
decreased. The performance reduction was more severe for stable emulsions than for unstable 
ones. The performance was also affected by the type of surfactant used. 
Morales et al. (2012) conducted the first work that studied droplet formation in oil/water 
flow through a centrifugal pump. The droplet size distribution was measured at the pump 
outlet for oil-in-water flow as a function of water cut, pump speed, and mixture flow rate. 
They observed that with an increase of pump speed there was a decrease in droplet size. They 
also observed that the effects of mixture flow rate, water cut, and inlet droplet size distribution 
could be negligible. The main mechanism of droplet formation was the turbulence breakup 
when water was in the continuous phase. A mechanistic model was developed to predict 
droplet size distribution and it presents a reasonable agreement with the experimental data. 
In the last decade, there has been an increase in the number of scientific studies of 
pumps with emulsions. Nonetheless, there is a dearth of studies with ESP-type bombs and 
those that have been carried out were insufficient to clarify the emulsion and its effects on the 




Table 2.1 – Resume of most important oil-water emulsion work. 
Authors Emulsion Type 
Experimental 
Type 
Oil Viscosity Operational Parameters Outputs 
Arirachakaran et al. (1989) w/o and o/w Pipeline 
4.7, 58, 84, 
115, 237 and 
2116 cP 





Ioannou et al. (2004) w/o and o/w Pipeline 2.19 cP 
Water fraction and 
superficial velocities 
Pressure gradient  
Ngan et al. (2009) w/o and o/w Theoretical/Pipeline 
1.7, 5.5 and 
11cP 
Water fraction  
Phase inversion 
correlation 
Guet et al. (2006) w/o and o/w Pipeline 7.5 cP 
Water fraction and 
superficial velocities 
Effective viscosity and 
superficial velocity 
model 
Plasencia et al. (2013) w/crude oil Pipeline 4.8 to 23.5 cP 





Khalil et al. (2006) o/w Centrifugal Pump - 
Water fraction, low 
rotational speeds and flow 
rate; and surfactant addition  
Pump performance 
and effective viscosity 
Ibrahim and 
Maloka (2006) 
o/w Centrifugal Pump - 
Water fraction, low 




Khalil et al. (2008) o/w Centrifugal Pump - 
Water fraction, low 
rotational speeds and flow 
rate 
Pump performance 
Morales et al. (2012) o/w Centrifugal Pump 13.6 cP 
Water fraction, rotational 





3 EXPERIMENTAL PROCEDURE 
This chapter introduces the experimental apparatus used in all of this work’s tests. There 
are two main sections. In the first section, is exhibited the layout and instrumentation of the 
ESP loop facility and, in the second, the fluid properties and the experimental procedure are 
presented. 
3.1 Experimental Setup 
The ESP loop facility was designed to investigate the ESP performance operating with 
single, two-phase (water/oil) and three-phase (gas/water/oil) flows. For this type of test, a 
different procedure was used. Figure 3.1 shows the experimental test layout. 
 
Figure 3.1 Layout of ESP loop test. 
The Table 3.1 presents the instruments installed in the ESP flow loop. 
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Table 3.1. Main instruments installed in the ESP flow loop. 
Equipment Brand Model 
Electrical Submersible Pump Baker Hughes P100LS 
Water booster pump IMBIL Centrifugal Pump  
Oil booster pump NETZSCH Two Screw Pump  
Air compressor Ingersoll Rand IRN75H-OF 
Water/oil separator tank 
Interfibra 
Industrial 
Nominal Capacity = 12000 L 
Oil/emulsion tank RETAP Nominal Capacity = 1000 L 
Water flow rate meter MicroMotion F300S355CCAZPZZZZ  
Oil flow rate meter MicroMotion F300S355CCAZPZZZZ  
Gas flow rate meter MicroMotion F Series 
Emulsion flow rate MicroMotion F Series  
Heat exchanger FYTERM T-3480 shell and tube  
Chiller Carrier 30 RA/RH  
Torque meter MBW T20WN  
Choke Valve Fischer 657 Globe valve 
Water cut meter ROXAR Nemko 05 ATEX 1121 
ESP frequency invertor CFW - 09 WEQ - Vectrue Inverter  
Oil booster frequency invertor CFW - 700 WEQ - Vectrue Inverter  
Water booster frequency 
invertor 
CFW - 700 WEQ - Vectrue Inverter  
Particle size analyzer Mettler Toledo ParticleTrack G600 
Pressure transmitter Emerson Rosemount 2088 
Temperature sensor ECIL PT100 1/10 DIN 
By configuring the valves, one is able to change the kind of ESP performing tests 
(single, two, or three-phase flow tests).  
The experimental apparatus has two tanks, one for two-phase or three-phase tests 
(water/oil/gas separator tank) and another used for single phase or prepared emulsion tests 
(oil/emulsion tank).  
The oil flow line begins at the separator tank or oil/emulsion tank. This flow line goes to 
TSP booster pump, passes through a Heat Exchanger, which controls the oil temperature with 
a choke valve installed in the bypass flow line. Also installed in this line is a pressure switch 
and safety valve. 
The water present in the oil flow is measured by a water cut meter before the fluids 
(water and oil) are mixed. After pumped and measured, the water and oil was mixed. Figure 
3.3 shows the oil line in black and the water line in blue. Visible in the oil line is the Coriolis 
flow meter (also designed to measure the oil density) and water-cut meter. Visible in the 
water line is the water booster, the Coriolis flow meter, and the control valve. The oil and 
water are mixed in the “T” intersection and flow together until reaching the ESP inlet. 
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Installed in the inlet and the return flow line is a differential pressure transducer, as shown in 
Figure 3.4. 
 
Figure 3.2 Equipment installed on Oil Flow Line. 
 




Figure 3.4 Flow line and differential pressure transmitters. 
Electric motors power the booster pumps and ESP. The booster oil pump is driven by a 
60HP motor; the ESP pump is driven by a 50HP motor, and the booster centrifugal water 
pump is driven by 30HP motor. To control the pumps rotational speed, it was used frequency 
inverters. These frequency inverters are remotely controlled on a supervisory program. 
Figure 3.5 shows the ESP P100LS mounted on an ESP bench test. The ESP has eight 
stages and aimed to acquire the pressure gain at each stage were installed nine pressure 
transmitter. The first (P1) was installed in the ESP inlet and the others (P2 up to P9) in the 
outlet of each stage, as shown in Figure 3.6. 
Temperature sensor and four gas injectors were installed on the mixing chamber, as 
shown in Figure 3.7. After the ESP pump, a temperature sensor and choke valve were 
installed on the return pipeline. 
A bypass line was assembled in order to collect fluid samples to measure the droplet 
size distribution on ESP inlet and outlet. Figure 3.8 shows the pipeline design to collect 
samples of emulsion at the ESP inlet and outlet. For both sample points, “On/Off valves” 
were installed to enable emulsion sampling. After the emulsion passes through the valve, it 
flows to FBRM probe to measure the droplet size distribution. A flow meter and a control 
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valve were installed to enable control of the velocity and mass flow of emulsion passing 
through the probe and ensure that all points were measured at the same sample rate.  
 
Figure 3.5 Vertical ESP bench test. 
 




Figure 3.7 Temperature sensor and gas injectors. 
 
Figure 3.8 Emulsion sample pipeline. 
All the instruments, motors, and control valves are connected to the instrument panel 
equipped with National Instruments cDAQ-9188 hardware, where the signals are acquired 
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and generated. To support the valves’ operation in the event of a power outage, a no-break 
equipment was connected under the panel. 
A control, monitoring, and acquisition data program was designed for this experiment in 
a LabVIEW platform.  
For the single-phase tests, the choke valve was controlled to retain constant inlet 
pressure.  Every time the booster pump reduced the liquid flow rate, the choke valve was 
automatically closed to increase the inlet pressure. This procedure automatically leads the 
ESP pump to reach another operating point. 
The bypass valve was controlled to keep the temperature constant during the test. If the 
temperature changed, the bypass valve was closed or opened so as to allow the diversion of 
the fluid to a heat exchange where the liquid was cooled or heated.  
The gas valve was controlled to maintain at a constant the gas mass flow rate during the 
test, while the emulsion valve was controlled to achieve the same emulsion sampling flow 
rate. 
3.2 Single-phase tests 
The efficiency and head curves of the ESP were obtained for two mineral oils, several 
viscosities, and rotational speeds, as presented in Table 3.2. These curves were taken keeping 
the temperature and ESP rotating speed constant and varying the oil flow rate. 
Table 3.2. Single phase test matrix. 
Fluid Rotational Speed [rpm] Viscosity [cP] 
Oil A 
800, 1200, 1400, 1800, 
2000, 2400, 2800, 3000, 
and 3500 
298, 171, 108 and 52 
Oil B 2800, 3000, and 3500 40, 70 and 122 
 
The ESP efficiency curve was used to obtain the best efficiency point of ESP (BEP). 
The viscosity and rotating speed affected the ESP efficiency curve and, consequently, the 
BEP. The oil flow rate for BEP changes for each operating condition.  
To analyze and compare different rotating speeds and total flow rates in centrifugal 
pumps, dimensional analyses of flow machines should be used. Using Buckingham’s Pi 
Theorem, one might obtain Equation (2.7) which corresponds to a dimensionless head, 
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Equation (2.8), to a dimensionless flow rate, Equation (2.10), to a Reynolds number. Thus, 
one can normalize this factor to other scales for all rotating speeds and total flow rates. 
The pressure head difference was used to calculate the dimensionless head, once the 
elevation and the dynamic pressure between the pump inlet and outlet had become negligible. 
The dimensionless flow rate and Reynolds number directly affects the dimensionless 
head and the dimensionless power, and, consequently, the efficiency of the ESP, as defined by 
Equation (2.10). 
3.3 Two-phase tests with droplet size distribution 
For this stage, the tests were carried out with two mineral oils, some viscosities and ESP 
rotational speeds. The oil/water separator tank operated inefficiently, so it were unable to 
determine the BEP for higher rotational speeds than 2400 rpm. For 3000 and 3500 rpm, so it 
used BEP flow rate of 2400 rpm at 298 cP oil viscosity. The two-phase text matrix is 
presented in Table 3.3. 
Table 3.3. Two-phase test matrix. 










Oil B 122 
2400 (𝑄𝐵𝐸𝑃2400 @ 298cP) 
3000 (𝑄𝐵𝐸𝑃2400 @ 298cP) 
3500 (𝑄𝐵𝐸𝑃2400 @ 298cP) 
 
The two-phase test procedure differs from single-phase test procedures. The former aim 
to obtain the head, shaft power, and efficiency curves. Using the liquid flow rate for the best 
efficiency point in each curve determined by the single-phase test. The two-phase test consists 
of keeping the BEP flow rate constant, starting with oil as continuous phase and gradually 
increasing the water content until finished with water as continuous phase (oil to water). Also 
the inverse path was realized (water to oil) to study the hysteresis effects. Figure 3.9 shows 




Figure 3.9. Experimental flow loop for two phase (oil/water) tests. 
Before mixing the oil and water, it was verified, using the water cut meter installed in 
the oil line, the water fraction contained in the oil flow. After that, water was added until it 
reached the desired water cut. The fluids were mixed at the “T” intersection between the oil 
and water lines. This mixture went through the 8-stage ESP, and then entered the return line 
that connected it with the oil/water separator tank. The inlet ESP temperature (T2) was 
controlled using a heat exchange assembly at the oil flow line. For each acquisition data point 
it was necessary to await the measurements stabilization, especially for the pressure gradient 
and the inlet temperature.  
The chord length distribution at the ESP inlet and outlet was obtained via an 
FBRM/Mettler™ probe. The inlet and outlet samples were acquired using the on/off valves, 
as presented in Figure 3.9. A Coriolis flow meter and a control valve was used to keep 
constant the sampling flow rate during acquisition. 
The FBRM/Mettler™ does not measure the real droplet size. The probe measures using 
a technique known as the Focused Beam Reflectance Measurement (FBRM). The FBRM 
probe was inserted against the flow direction, forcing the emulsion to flow across the probe 
window where the measurement takes place (Figure 3.10 (a)). A laser beam was launched on 
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an optic that was rotating at a fixed high velocity (2 m/s proximally) and passing through a 
sapphire window scanning the emulsion flow. The particles flowed by the laser beam and part 
of the laser’s light returned to the detector. Thus, the chord length distribution was 
determined, as shown at Figure 3.10 (b), by multiplying the optic rotating speed by the 
reflective time.  
 
Figure 3.10. (a) Details of the FBRM probe technique. (b) Measurement of a particle chord 
length using the FBRM technique (provided by Mettler-Toledo Autochem, Inc.). 
A specific calibration process is needed to verify the relationship between chord length 
and particle size. For this tests, it was performed a comparative analysis between the FBRM 
and optical microscopy measurements to determine this relationship between chord length and 
droplet size distribution for the oil/water emulsion studied. This analysis is presented in 
Section 4.11.1. 
3.4 Three-phase tests 
In order to analyze the gas effect on continuous phase inversion, three curves were 





Table 3.4. Three-phase test matrix. 
Fluid Viscosity [cP] Gas Flow Rate [kg/h] Rotational Speed 
Oil B 122 1.4 
2400 (𝑄𝐵𝐸𝑃2400 @ 298cP) 
3000 (𝑄𝐵𝐸𝑃2400 @ 298cP) 
3500 (𝑄𝐵𝐸𝑃2400 @ 298cP) 
 
The homogenous void fraction (4%) at the ESP inlet was kept constant controlling the 
gas mass flow rate, ESP inlet temperature (26 °C), and the ESP inlet pressure (1 bar). The gas 
was considered an ideal gas.  
3.5 Emulsion effective viscosity in pipeline 
The effective viscosity hypothesis considers a two-phase flow as a single-phase flow, 
disregarding any influence of the flow pattern. This hypothesis simplifies the equations but 
must be used carefully, otherwise it lead to incorrect interpretations. A common means to 
estimate the pressure gradient in a pipeline, for emulsions, is flow. Then, using the differential 
pressure measurement, it is possible to estimate an effective viscosity of the emulsion in the 
pipeline. 
In the ESP loop test, the emulsion frictional pressure gradient was obtained through 
differential pressure transducers installed in the horizontal pipeline at the ESP outlet. The 





Whereas 𝜌𝑒  was calculated from homogeneous model, as shown in Equation (3.2). 
𝜌𝑒 = 𝜙 𝜌𝑤 + (1 − 𝜙)𝜌𝑜  (3.2) 
Through effective friction factors, one can calculate the mixture’s Reynolds number. To 
determinate the Reynolds number for laminar and turbulent flows, Equations (3.3), (3.4), and 
(3.5) were used. For turbulent flow, the Haaland (1983) and Swamee-Jain (1976) correlations 
for friction factor were compared—Equation (3.4) and Equation (3.5), respectively. The best 
correlation representing the frictional pressure gradient for water flow to determine the 



























Initially, the mixture’s Reynolds number was calculated for laminar flow. If the value 
obtained was greater than 2300, the Reynolds number for turbulent flow. After that, the 
effective viscosity was calculated using Equation (3.6). Figure 3.11 illustrates the numerical 





The emulsion tests were made using Oil A in two viscosities, two total flow rates, and 
two ESP rotational speeds. They started with oil as continuous phase and finished with water 
as continuous phase (oil to water). The conditions tested in the oil/water emulsion pipeline 
flow are presented by Table 3.5. 
 






Table 3.5.Matrix of experimental tests using the oil A for emulsion pipeline flow. 
Oil viscosity  
[cP] 
Total flow rate  
[m³/h] 
ESP rotational speed [rpm] 
52 25.72 1800 
313 40.42 2400 
3.6 Emulsion effective viscosity in ESP 
A simplified way of analyzing the effect of liquid-liquid flow inside an ESP is to 
assume a single-phase flow with effective viscosity. For an oil-water flow in a fine dispersion-
like emulsion, a simplified way to evaluate the emulsion effects in an ESP is to use a viscous 
model to represent the ESP performance. Biazussi (2014) presented a viscous model that 
could be used to represent the ESP performance. His model was derived from a one-
dimensional formulation that starts from the head being defined by Euler equations and 
deducting a series of losses modeled in simplified form. 










2 − 𝑘6] 𝛷
2 (3.7) 
It can be observed then that the dimensionless head equation for a centrifugal pump is a 
function of dimensionless flow rate Ø (Equation (2.8)) and X (reverse rotational Reynolds, 
Equation (2.10)). It is necessary to directly determine k1, as presented in Equation (3.8), and 





The geometric parameters were fitted with single-phase (oil and water) data running 
with different viscosities and rotational speeds. Once these parameters were fitted, the inverse 
model could be used to estimate the effective viscosity. This is illustrated by the flow chart 




Figure 3.12. Indirect determination of effective viscosity inside an ESP. 
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4 RESULTS AND DISCUSSIONS 
In this chapter, Section 4.1 presents the physical properties of the two mineral oils used 
in this work. In Section 4.2, an analysis of oil/water emulsion on pipeline flow is developed, 
comparing the emulsion effective viscosity experimentally obtained with literature models for 
pipe. In Section 4.3, the ESP performance curves with mineral oils for different viscosities 
will be shown and discussed. Sections 4.4, 4.5, 4.6, 4.7, and 4.8 present and offer a discussion 
of emulsion formation and the phase inversion phenomenon within ESPs. Discussed in detail 
are the effect on head curve, the difference between stages, a comparison with some 
correlations, it presents and discuss a one-dimensional model that predicts how an ESP 
operates with an oil/water emulsion. Section 4.10 highlights the effects caused by gas 
presence on the phase inversion phenomenon of oil/water emulsion within an ESP. A 
discussion is offered in Section 4.11 on in situ droplet size distribution analyses in an ESP. 
4.1 Mineral oil properties  
In this work, it was used two mineral oils (A and B), with both demonstrating 
Newtonian behavior. At the flow loop facility, the oil viscosity was controlled by temperature. 
Using a rheometer (HAAKE MARS III), the oil viscosity as a function of temperature was 
obtained, as presented in Figure 4.1 and Figure 4.2. In each test, it was determined oil 
viscosity by using polynomial functions fitted to these curves. Figure 4.3, Figure 4.4, and 
Figure 4.5 show, respectively, the density, surface, and interfacial tension as obtained as a 




Figure 4.1. Oil viscosity as a function of temperature for oil A. 
 




Figure 4.3. Density as a function of temperature for Oils A and B. 
 




Figure 4.5. Interfacial Tension as a function of temperature for Oils A and B. 
4.2 Emulsion effective viscosity on pipeline flow 
This section presents an analysis of the emulsion effective viscosity behavior on 
horizontal oil-water pipeline flow. In addition, this behavior is compared with indirect 
measured effective viscosities with correlations presented in Ngan et al. (2009), Einstein 
(1906, 1911); Taylor (1932), Brinkman (1952), Roscoe (1952) and Furuse (1972).  
Prior to making the comparison, researchers verified the friction factor correlation that 
best represented the system. Thus, water singe-phase flow experiments were performed to 
evaluate the friction factor correlation that could represent the system for the Reynolds range 
tested. The results were compared, as shown in Figure 4.6, with the theoretical differential 
pressure calculated by Haaland (1983) and Swamee-Jain (1976), as previously presented in 
Equation (3.3) and Equation (3.4). 
Both correlations agreed satisfactory with experimental data, but the Haaland (1983) 
presented the best results for high-pressure differential. Hence, the Haaland (1983) was used 
to determinate the emulsion effective viscosity. The numerical procedure to estimate the 




Figure 4.6. Comparison of experimental pressure differential with theoretical pressure 
differential using friction factor calculated by Halaand (1983) and Swamee-Jain (1976). 
The emulsion effective viscosity models approached were based on phase viscosity 
(dispersed and continuous phases) and water cut. These models take no account of the effect 
of the droplet size. Einstein (1906, 1911) presented the first linear relationship between 
viscosity and dispersed phase fraction, as shown in Equation (4.1). This model was proposed 
for small solid spheres dispersed in an infinite fluid (continuous phase), thus ignoring the 
interaction between the small rigid spheres. Einstein’s model can provide good results for 
emulsions in which the droplets can be assumed to be rigid spheres in an infinite continuous 
phase, i.e., high interfacial tension, high viscosity of the dispersed phases and tiny droplets. 
𝜇𝑒 = (1 + 2.5 𝜙) 𝜇𝑐  (4.1) 
Taylor (1932) improved Einsten’s model by assuming the effect of the internal 
circulation caused by the tangential stresses on the particle surface on the drops while taking 
into account the deformation of the drops by the continuous phase, as shown in Equation 
(4.2). When the dispersed phase is more viscous than the continuous phase (droplets behaving 
like hard spheres), then Taylor’s equation turns into Einstein’s equation. 
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) ] 𝜇𝑐  (4.2) 
Equation (4.3) presented by Furuse (1972) was based on Einstein’s model. It considered 
the hydrodynamic effects’ influence on the neighboring droplets in a concentrated solution. 
Brinkman and Roscoe (1952) analyzed the increase of effective viscosity with the addition of 
one solute particle in a dispersion of known concentration. The model proposed is presented 
in Equation (4.4). Although the droplet size is not analyzed, this model considers a 
polydisperse system without interactions between the neighboring particles. 
𝜇𝑒 =
1 + 0.5 𝜙
(1 − 𝜙)2
 𝜇𝑐  (4.3) 
𝜇𝑒 = (1 −  𝜙)
−2.5 𝜇𝑐  (4.4) 
For the comparisons, two tests were performed, one with an oil viscosity of 52 cP and 
the other with one of 313 cP. In both tests, the emulsion flow was laminar before phase 
inversion (oil as a continuous phase) and turbulent after (water as a continuous phase). The 
phase inversion point was determined by the Arirachakaran et al. (1989) model. 
Figure 4.7 presents the experimental data of effective viscosity as a function of the 
water cut and the models from the literature (Einstein (1906, 1911); Taylor (1932), Brinkman 
and Roscoe (1952) and Furuse (1972)) for the oil viscosity of 52 cP. 
Before phase inversion, the experimental data were better represented by the Brinkman 
and Roscoe (1952) and Furuse (1972) models. It may thus be concluded that in this system 
neighboring droplets (concentrated solution) wield hydrodynamic effects due to the lower 
viscosity of the continuous phase (52 cP). After the phase inversion point, all the models 
addressed in this study provided the same prediction and presented good agreement with the 
experimental data. The small deviation at the end of the experimental curve may be related to 
experimental uncertainties. 
Shown in Figure 4.8 is a comparison of the models and experimental data for an oil 
viscosity of 313 cP. For such a viscosity, the best result for effective viscosity before the 
phase inversion point is provided by Einstein (1906, 1911). In this test, it may be concluded 
that the droplets behave as small rigid spheres with no interactions amongst them. After the 




Figure 4.7. Comparison of effective viscosity obtained experimentally and the prediction 
models at an oil viscosity of 52 cP. 
 
Figure 4.8. Comparison of effective viscosity obtained experimentally and the prediction 
models at an oil viscosity of 313 cP. 
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4.3 ESP Single-phase curves with pure oil 
The ESP curves, shown in Table 3.2, were obtained for several operating conditions.  
Each ESP efficiency curve was fitted with a polynomial equation depending on the 
dimensionless flow rate. The Best Efficiency Point (BEP) was calculated for the ESP rotating 
speed and viscosity desired. The BEP corresponds to the maximum value of the polynomial 
function found. The oil booster pump was unable to pump high oil flow rates without 
cavitation. Therefore, the BEPs were unobtainable for rotations of 2800, 3000, and 3500 rpm. 
Figure 4.9, Figure 4.10 and Figure 4.11 present the results for 800, 1200, and 2400 rpm, 
respectively. It may be observed that efficiency increases with increased rotational speed and 
decreased oil viscosity. This effect was not considered for a similar law for centrifugal pumps, 
where the head, power and, consequently the efficiency is a function of flow rate only. 
Besides the ESP efficiency curve, the ESP lift capacity curve (head) was also obtained 
for both oils tested. The same observations for efficiency can be made for the head curve: the 
head increased with increased rotational speeds and decreased oil viscosity. Figure 4.12, 
Figure 4.13 and Figure 4.14 present the heads for 800, 1200, and 2400 rpm. 
 
Figure 4.9. Comparison of ESP efficiency as a function of dimensionless flow rate between 




Figure 4.10. Comparison of ESP efficiency as a function of dimensionless flow rate between 
52, 108, 171, and 298 cP for 1200 rpm for Oil A. 
 
Figure 4.11. Comparison of ESP efficiency as a function of dimensionless flow rate between 




Figure 4.12. Comparison of dimensionless head as a function of dimensionless flow rate 
between 52, 108, 171, and 298 cP for 800 rpm for Oil A. 
 
Figure 4.13. Comparison of dimensionless head as a function of dimensionless flow rate 




Figure 4.14. Comparison of dimensionless head as a function of dimensionless flow rate 
between 52, 108, 171, and 298 cP for 2400 rpm for Oil A. 
4.4 Effect of water cut on ESP head 
Two-phase liquid-liquid tests were performed, as presented in Table 3.3. In Figure 4.15, 
Figure 4.6, and Figure 4.17, the dimensionless head is presented as a function of the water cut 
for 800, 1200 and 2400 rpm. The rotating speed, the total flow rate, and the temperature were 
kept constant during the experiments. Then, the head behavior of the ESP and the inversion 
point with two different viscosities are also compared for the same rotational speeds.  
In these tests, the water cut was increased from zero to one hundred percent. Thus, for 
low water cut the oil is continuous phase where the low lift capacity of the ESP takes place. 
After the phase inversion point, the water is continuous phase and the head increases. This 
happens for all ESP rotating speeds.  
For all experiments the head was severely affected by low water cuts, due to the 
increase of effective viscosity of emulsion when the oil was the continuous phase. Two levels 
were observed, the phase inversion was delimited by the phase inversion point of the 




Figure 4.15. Comparison of dimensionless head as a function of water cut between 298cP 
(BEP 7.65m³/h) and 52cP (BEP 10.78m³/h) for 800 rpm. 
 
Figure 4.16 Comparison of dimensionless head as a function of water cut between 298cP 




Figure 4.17. Comparison of dimensionless head as a function of water cut between 298cP 
(BEP 26.94 m³/h) and 52cP (BEP 33.70 m³/h) for 2400 rpm. 
Note that for phase inversion, as the viscosity decreases, the critical water cut has to 
increase. The same behavior is observed in oil/water flow in pipes. Also note that before 
phase inversion the ESP head improves as the oil viscosity decreases. This happens due to 
high effective viscosity (oil as continuous phase). The ESP’s lift capacity is then heavily 
affected by the viscous flow (Reynolds number). After phase inversion, the effective viscosity 
decreases abruptly and the dimensionless head becomes a function of the dimensionless flow 
rate only. 
To analyze the total flow rate effect on the phase inversion point the ESP rotating speed 
at 2400 rpm and the oil viscosity of 52 cP were kept constant. The total flow rates were 33.70 
m³/h (BEP on 2400 rpm at 52 cP) and 26.94 m³/h (BEP on 2400 rpm at 298 cP). The result 
may be found in Figure 4.18. 
It can be noted from Figure 4.18 that the total flow rate does not affect the phase 




Figure 4.18. Comparison of the total flow rate of 33.70 m³/h and 26.94 m³/h for 2400 rpm at 
52 cP. 
To analyze only the high ESP rotational speed effect on continuous phase inversion, 
tests were carried out in which the total flow rate (26.94 m³/h) and oil viscosity were kept 
constant. The normalized ESP dimensionless head was determined by Equation (4.5). The 
ESP rotational speeds compared were 2400, 3000, and 3500 rpm at 122 cP oil viscosity. 
Figure 4.19 presents the dimensionless head normalized by the high head value as a function 
of the water cut, with the phase inversion point for each condition being compared.  
𝛹𝑚𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝛹𝑚 − 𝛹𝑚𝑀𝑖𝑛
𝛹𝑚 𝑀𝑎𝑥 − 𝛹𝑚 𝑀𝑖𝑛
 (4.5) 





Figure 4.19. ESP dimensionless head normalized as a function of water cut for 2400, 3000, 
and 3500 rpm at 122 cP oil viscosity. 
4.5 Phase inversion for each ESP stage 
Figure 4.20 and Figure 4.21 present the dimensionless head for each ESP stage as a 
function of the water cut for 2400 rpm at an oil viscosity of 298 cP and for 1200 rpm at 52 cP, 
respectively. It is shown that for all ESP stages, regardless the ESP rotating speed and oil 




Figure 4.20. Comparison of dimensionless head as a function of water cut by ESP stages at 
298cP (BEP 26.94 m³/h) for 2400 rpm. 
 
Figure 4.21. Comparison of dimensionless head as a function of water cut by ESP stages at 52 
cP (BEP 25.94 m³/h) for 1200 rpm. 
66 
 
4.6 Comparison of ESP experimental data with Arirachakaran et al. (1989) correlation  
Figure 4.22 and Figure 4.23 show the dimensionless head comparison of the different 
rotating speeds for the same oil viscosity. The black line represents the phase inversion point 
calculated by Arirachakaran et al. (1989). 
For the 52 cP oil viscosity, the Arirachakaran et al. (1989) model compares 
satisfactorily with the ESP experimental data. For the oil viscosity of approximately 298 cP, 
the Arirachakaran et al. (1989) model showed a small deviation from the experimental data. 
This small difference might have occurred because of Arirachakaran et al. (1989) correlation 
was fitted with only two high viscosities – 237 cP and 2116 cP. The other important 
observation is that the ESP rotating speed does not affect the phase inversion point. 
It was possible to make tests for 3500 rpm at a viscosity of 298 cP for the two initial 
conditions (oil-to-water and water-to-oil), but not for the BEP conditions. Figure 4.24 shows 
that for this condition the Arirachakaran et al. (1989) model agrees satisfactorily with the 
experimental data. 
 
Figure 4.22. Comparison of dimensionless head as a function of water cut between the three 
rotating speeds (800 rpm, 1200 rpm and 2400 rpm) for the same viscosity (298 cP) and model 




Figure 4.23. Comparison with Arirachakaran et al. (1989) model for the dimensionless head 
as a function of water cut between the three rotating speeds (800 rpm, 1200 rpm, and 2400 
rpm) for the same viscosity (52 cP). 
 
Figure 4.24. Comparing Arirachakaran et al. (1989) model with the experimental data for 
3500 rpm at 298 cP in two initial conditions (oil-to-water and water-to-oil). 
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4.7 Effect of water cut in ESP efficiency 
Another important ESP factor affected by water cut is ESP efficiency. This influence is 
caused mainly by increasing viscosity due to emulsion formation. Figure 4.25, Figure 4.26 
and Figure 4.27 shows the efficiency behavior as a function of the water cut for each rotating 
speed for the two oil viscosities (52 and 298 cP).  
For the low water cut, the efficiency is similar to that of the ESP operating with oil. 
Following phase inversion, ESP efficiency increases abruptly. After phase inversion, 
efficiency continues to rise as the water cut increases until it reaches that of the ESP, 
operating with just with water.  
The same influence of the phase inversion phenomenon is observed in head capacity 
and efficiency due to the variation of emulsion viscosity. There is a great improvement in 
both factors when the ESP operates with emulsions in which the continuous phase is water. 
It is possible to observe that emulsion effective viscosity after the phase inversion point 
is still higher than water viscosity, especially for low ESP rotational speeds and high oil 
viscosities. Emulsion effective viscosity is probably a function of the ratio of viscosities, the 
amplitude of agitation promoted by the pump, and other unknown variables. 
 
Figure 4.25. Comparison of ESP efficiency as a function of water cut between two viscosities 




Figure 4.26. Comparison of ESP efficiency as a function of water cut between two viscosities 
(52 and 298 cP) for an ESP rotating speed of 1200 rpm. 
 
 
Figure 4.27. Comparison of ESP efficiency as a function of water cut between two viscosities 
(52 and 298 cP) for an ESP rotating speed of 2400 rpm. 
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4.8 Hysteresis in Phase Inversion Point on ESP 
The analysis of hysteresis on the phase inversion point was made by commencing the 
tests with 100% of water cut and proceeding to zero. As can be observed in Figure 4.28 and 
Figure 4.29, hysteresis occurs only at 800 rpm and 1200 rpm with an oil viscosity of 52 cP. 
Thus, with low viscosity and low degree of agitation, the liquid-liquid mixture is more easily 
separated, changing the phase inversion point. This hysteresis is also influenced by surface 
wettability and the initial arrangement of the phases. 
Hysteresis did not occur for ESP rotational speeds of 800 rpm, 1200 rpm, and 2400 rpm 
at an oil viscosity of 298cP or for 2400 rpm at 52 cP. In other words, the phase separation 
becomes difficult at high viscosities or at high rotational speeds, preventing hysteresis. 
 
Figure 4.28. Comparison of head as a function of water cut at 52 cP for 800 rpm ESP rotating 




Figure 4.29. Comparison of head as a function of water cut at 52 cP for 1200 rpm ESP 
rotating speed for the two initial conditions (oil-to-water and water-to-oil). 
Hence, in the system studied, the hysteresis phenomenon was observed in low agitation 
and low viscosity force conditions. Thus, one of the possible factors that affect hysteresis is 
wettability. Wettability is the tendency of a fluid to adhere and spread on a solid surface in the 
presence of another immiscible fluid. The shape of the interface between both immiscible 
fluids, illustrated in Figure 4.30, is a result of intermolecular interactions among all phases in 
contact (solid and liquids). A way to measure wettability is to determine the contact angle 
formed by the intersection between a solid surface and a line tangent of the droplet surface.  
For the system studied in this work, it is necessary to observe the interaction of forces 
between water, oil, and the inner surface of pipe/ESP. To determine the oil/solid and 
water/solid contact angles, the wettability data of air/water and air/oil was measured, as 
presented in Figure 4.31 and Figure 4.32, respectively. The contact angle (θ) values of these 
components obtained by image processing were 78.20° for air/water and 19.27° for air/oil (as 
showed by Figure 4.30). 
As shown in Figure 4.30, the shape of a droplet is given by the following equation: 
𝜎𝑂𝑆 − 𝜎𝑊𝑆 = 𝜎𝑊𝑂 𝑐𝑜𝑠 𝜃 (4.6) 
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Based on the values of the oil and water surface tension, 0.0326 and 0.0718 N/m, 
respectively, and the oil/water interfacial tension, 0.0328 N/m, the contact angle of water with 
solid surface when the medium is oil can be calculated by the following equation: 
𝜃𝑊𝑂 = 𝑎𝑟𝑐𝑐𝑜𝑠 (








Thus, 𝜃𝑊𝑂 = 60.62° (water) and 𝜃𝑂𝑊 = 119.38°(oil). Therefore, considering the same 
pipe and ESP inner material, the water tends to wet the inner wall of the pipe and the inner 
parts of the ESP to a greater degree than does the oil, the opposite of what happens when the 
atmospheric air is in continuous phase. 
Thus, it can be observed that when the initial condition is the water in continuous phase, 
the phase inversion occurs at a lower water cut for both ESP rotational speeds. This fact can 
be explained by the water’s wettability, keeping the water next to the inner pipe and ESP wall 
due to the low energy of turbulence on the flow. Hence, the water tends to be in continuous 
phase in a large range of water cuts. 
For both tests, the phase inversion happened at approximately 25% of the water cut or at 
75% of the oil fraction for the initial condition of water-to-oil. Thus, the mass percentage of 
the dispersed (oil) is closer to maximum allowable packing of sphere arrangement, which is 
approximately 74%. 
 





Figure 4.31. Droplet of the water on the inner pipe surface in atmospheric air. 
 




4.9 One dimensional model to predict ESP performance 
In this section, it will be presented and discussed a comparison of the ESP 
dimensionless head operating with oil and water single-phase and with oil/water emulsion 
(water-in-oil and oil-in-water, respectively). The emulsion effective viscosity within the ESP 
was determined using the Biazussi (2014) model and compared with the oil and water single-
phase viscosity. The procedure to estimate the emulsion effective viscosity within the ESP 
was previously presented in Section 3.6. 
4.9.1 ESP Dimensionless head analysis 
In the sections above, it was presented the dimensionless head behavior of the ESP 
operating with oil/ water emulsion. The head performance were shown in curves of 
dimensionless head as a function of the water cut (Figure 4.33) from which one can clearly 
observe two levels—before and after the phase continuous inversion phase. Before the phase, 
the ESP operates with water-in-oil emulsion and its performance is degraded due to high 







Figure 4.33. Dimensionless head behavior of the ESP operating with oil/water emulsion 
before and after the continuous inversion phase. 
It can be seen in Figure 4.33 that when the emulsion was water-in-oil, the ESP’s 
performance experienced a degradation. After the phase inversion point, however, the 
performance increase approached that of the water performance. Thus, the first analysis was 
to compare the ESP dimensionless head operating with single-phase and with water/oil 
emulsions. Before the continuous phase inversion, the emulsion performance was compared 
with the oil single phase flow; after the inversion point the emulsion performance was 
compared with the water single phase flow. To allow a correct comparison, the total flow rate 
and operating temperature must be the same for emulsion and single-phase. Both the emulsion 
performance and the single phase flow were obtained directly with experimental data. 
Figure 4.34 shows directly the comparison of ESP dimensionless head operating with 
oil-in-water emulsion and water single-phase. In addition, Figure 4.35 shows the relationship 
between ESP dimensionless head operating with water-in-oil emulsion and oil single-phase. 
The limits used in these graphics are ±10% from the single-phase performance. 
Observing Figure 4.34 and Figure 4.35, a small percentage difference can be observed 
at each level between the lift capacity of the ESP operating with emulsion and single-phase 
(oil or water). When the ESP is operating with the water-in-oil emulsion (oil as continuous 





Appendix B presents all the data and the deviation from the emulsion performance. The 
maximum difference happens closer to the phase inversion, approximately 14.63% for 1200 
rpm at 52 cP oil viscosity. For the oil-in-water emulsion, the ESP lift capacity turns into the 
water performance. Maximum difference also occurs closer to the phase inversion, 
approximately 17.66% for 2400 rpm at 298 cP oil viscosity.  
It is important to note that the emulsion object of study is thermodynamically and 
kinetically unstable; i.e., it does not have any kind of emulsifier in any of the phases.  
 





Figure 4.35. Comparison of ESP water-in-oil emulsion dimensionless head and oil 
dimensionless head. 
4.9.2 Emulsion Effective Viscosity within ESP 
By using the P100LS geometric characteristics and calculating the dimensionless 
parameter for all the data collected from oil and water tests as single-phase, it was possible to 
fit all coefficients presented in Equation (3.7). Thus, the geometrical constants that fit with 
experimental data are given in Table 4.1. 
Table 4.1. Geometric parameter values of the dimensionless head model presented Biazussi 
(2014) for P100LS. 
Parameter Value Parameter Value 
𝒌𝟏 1.499 𝒌𝟓 7.254 
𝒌𝟐 6024.986 𝒌𝟔 28.218 
𝒌𝟑 264.963 𝒏 0.448 




The model was fitted using the Mathematica® software. A good agreement was 
obtained by comparing the predicted performance calculated using Equation (3.7) with the 
measured dimensionless head data for water. The total error between them was 4.28%. 
The model prediction for water is presented in Figure 4.37.  
 
Figure 4.36. Analysis of the deviation of the predicted from the measured dimensionless head 





Figure 4.37. Comparison of the model (black line) and the measured dimensionless head as a 
function of dimensionless flow rate for water. 
For oil, Figure 4.38 shows a comparison of the theoretical and the measured 





Figure 4.38. Analysis of the deviation of the theoretical from the measured dimensionless 
head data for oil. 
In Figure 4.39, the plane stands for the model prediction for viscous fluid and the blue 




Figure 4.39. Comparison of the model (surface) and the experimental data (dots). 
Based on the model fitted with single-phase flow, it is possible to use the ESP data 
operating with water/oil emulsion and estimate the X parameter to obtain the effective 
viscosity experienced by the ESP. This procedure to estimate the emulsion effective viscosity 
was presented above in Section 3.6. 
The tables with the effective viscosity may be in Appendix C. It can be observed that 
the ESP experiences basically the oil viscosity, before the phase inversion point. The X 
parameter calculated for water cuts after the phase continuous inversion point indicated values 
below 10
-8
. In this case, the effective viscosity obtained was equal to the water viscosity 
(around 1 cP), for this condition, the hypothesis pump head as a function only of flow rate is 
valid. 
Figure 4.40 shows the deviation between effective viscosity inside the ESP and the 
single phase oil viscosity as function of the water cut for all rotational speeds test at 52cP. In 
Figure 4.41, the same relationship is presented for 298 cP oil viscosity. The phase inversion 
point is also expressed in these figures. For 52 cP oil viscosity, this phenomenon happens 




Figure 4.40. Relationship between emulsion effective viscosity and the single-phase oil 
viscosity for all ESP rotational speeds tested at 52cP. 
 
 
Figure 4.41. Relationship between emulsion effective viscosity and single-phase oil viscosity 
(298 cP) for all ESP rotational speeds tested. 
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The greatest relative deviations between the oil and the emulsion effective viscosity 
were observed in water-in-oil emulsion for the highest oil viscosity (Figure 4.41). The relative 
deviations became more noticeable closer to the phase inversion point. It is plausible that the 
ESP performance working near the phase inversion point initiates an unstable process that 
changes the effective viscosity experienced by the ESP. Far from the phase inversion point, 
the water/oil emulsion is similar to the single-phase performances of the continuous phase for 
800, 1200 and 2400 rpm ESP rotational speed.  
An effect analysis of high ESP rotational speeds (2400, 3000, and 3500 rpm) on 
emulsion effective viscosity was performed using the conditions shown in Table 3.3 for Oil B.  
Figure 4.42 presents the ratio between the emulsion effective viscosity and oil viscosity 
as a function of water cut. 
 
Figure 4.42. Relationship between emulsion effective viscosity and single-phase oil viscosity 
(122 cP) for high ESP rotational speeds tested. 
Hence, it can be concluded that the emulsion effective viscosity within ESP increases as 
the ESP rotational speed increases. This may occur due to a decreasing size of droplets, which 
behave as rigid spheres, increasing the emulsion effective viscosity.  
If the emulsion effective viscosity results for pipeline flow obtained in Section 4.2 are 
compared with the results presented in this section (Figure 4.42), it is possible to observe the 
different behaviors between emulsion effective viscosity pipeline flow and within the ESP. 
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For the pipeline flow, the emulsion effective viscosity increases with an increase of the water 
cut up to the continuous phase inversion (for water-in-oil emulsions). Within the ESP, the 
opposite behavior takes place. This may have happened due to the centrifugal field that 
intensifies the phase segregation motived by density difference changing the in situ viscosity 
of emulsion flow. 
It is known that the in situ velocity of phases in a multiphase flow affects directly the 
viscous tensions in the mixture and, consequently, in the mixture effective viscosity. The slip 





where 𝑉𝑑 is the dispersed in situ velocity and 𝑉𝑐  is the continuous in situ velocity when it is in 
contact with the wall. 
In different flow patterns on pipe flow, e.g., the core-annular-flow, the increasing of the 
slip between phases decreases the mixture’s effective viscosity. 
Water-in-oil emulsion flow in pipeline studied in Section 4.2, the flow regimes were 
laminar for 52 cP and 313 cP before phase inversion. The flow patterns are considered as 
water droplet dispersion. In this case, the slip is closer to one, increasing the effective 
viscosity.  
The water-in-oil emulsion flow within ESP is dominated by high turbulence and shear 
rate. Thus, a possible flow pattern, in this case, is the fine water droplet dispersion inside of 
ESP. The water droplet is influenced by drag, lifting, and thrust forces (Biazussi, 2014), 
which is proportional to density difference between phases. For this flow pattern the slip may 
be higher than one due to centrifugal field, collaborating the continuous phase flow, as 
illustrated in Figure 4.43.  
As observed in Figure 4.42, the emulsion effective viscosity decreases with the 
increasing of water cut up to phase inversion. This phenomenon could be related to increase 
of size diameter with increasing water cut. As the size diameter increase, the slip between 
phases increases as well, reducing the effective viscosity within ESP. An opposite effect can 
be observed increasing the ESP rotational speed. This effect contribute to the decreasing 
droplet size, decreasing the slip between phase, consequently increasing the effective 




Figure 4.43. Schematic figure of water droplets on oil continuous phase in impeller. 
 
Figure 4.44. Schematic figure of water droplets on oil continuous phase in impeller with 
variation of ESP rotational speed. 
4.10 Influence of Gas Injection on Phase Inversion Phenomenon within ESP 
How the gas injection affects the phase inversion phenomenon within the ESP was 
investigated for high ESP rotational speeds. The three-phase test conditions are presented in 
Table 3.4. 
To analyze the gas influence, the ESP dimensionless head was normalized using 
Equation (4.5), for two and three phases. Figure 4.45, Figure 4.46, and Figure 4.47 show the 
comparison mentioned previously for 2400, 3000, and 3500 rpm, respectively. 
Observing Figure 4.45, the phase inversion within the ESP did not change with air 
injection at 2400 rpm. Also, the inversion point observed during the experimental test by the 
operator was the same for two- and three-phase flow. For 3000 and 3500 rpm, however, a tiny 
variation occurred. Figure 4.46 and Figure 4.47 show that air injection postponed the phase 
inversion within the ESP. However, the phase inversion point observed during the 
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experimental test, related with operational instabilities (head and total flow rate variation), 
was before in the three-phase flow. 
This anticipation may happen due to the increase in turbulent energy, which increases 
the interaction between the dispersed phases (water and air). As the surface tension is lower 
than interfacial tension for Oil B (Figure 4.4 and Figure 4.5), increasing this interaction may 
contribute to increasing droplet coalescence and, consequently, to continuous phase inversion. 
 
Figure 4.45. ESP dimensionless head normalized comparison of two- and three-phase tests for 
2400 rpm. 




Figure 4.46. ESP dimensionless head normalized comparison of two- and three-phase tests for 
3000 rpm. 
 
Figure 4.47. ESP dimensionless head normalized comparison of two- and three-phase tests for 
3500 rpm. 
Onset of operational instability 
Onset of operational instability 
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4.11 Particle Size Distribution Analysis 
This chapter begins by comparing chord length and particle size distribution. Then in 
4.11.1, a Sauter mean diameter analysis is presented and discussed. Section 4.11.2 presents a 
discussion of the in situ chord length distribution analysis on continuous phase inversion in 
the ESP. Finally, in Section 4.11.3, it present and discuss an effect analysis of oil viscosity 
and high ESP rotational speed on chord length distribution. 
4.11.1 Chord length distribution (CLD) x Particle size distribution (PSD) 
It is important to emphasize that droplet size distribution measured by an FBRM probe 
is not the same as the diameter distribution of an emulsion. It is possible, nonetheless, to 
determine a relationship between chord length measured by FBRM and the droplet size 
measured by optical microscopy, a reference method. For this comparison, a water-in-oil 
emulsion with low water cut was used (5% of water cut) to ensure that it was stable during 
microscopic analyses. 
Pictures of the emulsion were taken with a digital camera (Cybershot 6.0Mp, Sony) and 
an optical microscope (Coleman). Figure 4.48 shows an example of a micrography obtained 
with this system.  
 




In total, eight pictures were taken and, by using image software (ImageJ), 
approximately 600 droplets were counted. As shown in Figure 4.48, the droplets are spherical, 
and their diameter was defined as droplet size. The particle distribution is presented as a 
graphic of frequency count as a function of the chord length/droplet size. The distribution 
obtained was compared with chord length distribution provided by FBRM. Thus, Figure 4.49 
shows a comparison of optical microscopy and FBRM for the studied system. 
 
 
Figure 4.49. Comparison of chord length distribution by FBRM technique and particle size 
distribution obtained by optical microscopy. 
As can be seen in Figure 4.49, the FBRM results present good agreement with the 
distribution of the reference method (microscopy), suggesting that the chord length measured 
by FBRM has a 1:1 relationship with the droplet diameter for the specific system under study. 
This direct relationship between chord length and droplet diameter allows other analyses, such 
as the calculation of the Sauter mean diameter.  
The Sauter mean diameter, presented in Equation (4.9), is defined as the ratio of the 
volume to the total surface area of the particle distribution. This parameter is usually applied 
to emulsion analysis since it relates two main geometric characteristics of the dispersion 











Another important relationship related the Sauter mean diameter and maximum 
diameter provide by distribution measurement. Angeli and Hewit (2000) obtained a constant 
that relates both parameters for liquid-liquid dispersions (d32 dmax⁄ ≈ 0.45). For gas-liquid in 
pipe flow, Razzaque (2003) found d32 dmax⁄ ≈ 0.43. Morales et al. (2012) obtained 
d32 dmax⁄ ≈ 0.495 for oil-in-water emulsions flow within a centrifugal pump. Chang (1990) 
observed this constant relationship only in a steady-state regime, a condition in which there 
was achieved a balance between the coalescence and breakup rates of droplets.  
For the ESP studied in this work, d32 dmax⁄ ≈ 0.166 was obtained, as presented in 
Figure 4.50, with a good coefficient of determination (𝑅2  =  0.88). Thus, according to Chang 
(1990), the droplet size distributions in ESP outlet is independent of the initial conditions 
(ESP inlet distributions). It can also be noticed that the droplet breakup rate increased for the 
8-stage ESP when compared with the result for a centrifugal pump obtained by Morales et al. 
(2012). 
 
Figure 4.50. The Sauter mean diameter as a function of the maximum droplet diameter. 
4.11.2 In Situ Chord Length Distribution at Phase Inversion Point 
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The in situ chord length distribution in outlet and inlet ESP was obtained for three ESP 
rotating speeds (800, 1200 and 2400 rpm) at two viscosities (52 and 298 cP) using the 
FBRM/Mettler® probe. A comparison of the inlet and outlet samples was realized to verify 
the ESP effect on chord length distribution and the steady state droplet breakup condition 
(Chang, 1990). The percentage referring to total counts of particles and the cumulative 
probability was used to analyze the chord length distribution. The standard test procedure 
started with oil as continuous phase and finished with water as continuous phase.  
To analyze the behavior of droplet size of each rotation and viscosity, it was used the 
percentage referring to the total counts of particles as a function of the chord length in 
different water cuts for three rotating speeds at two viscosities. The cumulative probability 
was used to verify the distribution width variation. 
Figure 4.51, Figure 4.52, and Figure 4.53 shows the percentage referring to total counts 
of particles as a function of the chord length in ESP input. Figure 4.54, Figure 4.55, and 
Figure 4.56 shows the ESP output for the same conditions (800, 1200, and 2400 rpm at 52 
cP). In these conditions, the phase inversion happened at approximately 30% water cut.  
 





Figure 4.52. Chord length distribution input for ESP rotating speed of 1200 rpm at 52 cP oil 
viscosity. 
 





Figure 4.54. Chord length distribution output for ESP rotating speed of 800 rpm at 52 cP oil 
viscosity. 
 





Figure 4.56. Chord length distribution output for ESP rotating speed of 2400 rpm at 52 cP oil 
viscosity. 
Concerning the ESP inlet and outlet, the chord length distribution changed significantly 
between 800 and 1200 rpm. For 2400 rpm, the distributions had a smooth change. The total 
flow rate for 2400 rpm provided a turbulent flow after the phase inversion point, which eases 
the emulsion formation before entering the ESP. For 800 and 1200 rpm, laminar flow 
occurred also after phase inversion. Thus, the ESP effectively contributes to emulsion 
formation regardless of the entry flow regime. 
It is important to mention that, initially, the FBRM probe measures the water-in-oil 
emulsion droplet size. Following continuous phase inversion, it detects the oil-in-water 
emulsion droplet size.  
Thus, at the ESP output, the chord length with the highest percentage was practically the 
same for the three rotation speeds (around 3 micrometers) before the phase inversion (oil as a 
continuous phase). The presence of the smaller droplets in the water-in-oil emulsion was also 
observed in bench tests (Schmitt, 2016). For the three rotation speeds, the chord length 
increased significantly until the phase inversion point was neared, increasing the droplet 
coalescence rate. For the water-in-oil emulsion flow, the chord length distribution was 
different for each ESP rotating speed. It can be concluded that the predominant chord length 
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in distribution decreases as the ESP rotating speed increases (shear rate) for water-in-oil flow. 
The bench test also observed this behavior for the water-in-oil emulsion (Schmitt, 2016). 
The maximum chord length/width of the distribution was analyzed by cumulative 
probability (Figure 4.57, Figure 4.58 and Figure 4.59) only for the ESP outlet (steady state 
droplet breakup/coalescence).  
 
Figure 4.57. Cumulative probability of droplet chord length for ESP rotating speed of 800 




Figure 4.58. Cumulative probability of droplet chord length for ESP rotating speed of 1200 
rpm for 52 cP oil viscosity at ESP outlet. 
 
Figure 4.59. Cumulative probability of droplet chord length for ESP rotating speed of 2400 
rpm for 52 cP oil viscosity at ESP outlet. 
For the three ESP rotating speeds, the maximum chord length variation increases as the 
water cut increases up to the phase inversion point; this is due to an increase in the droplet 
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coalescence rate. After that, it decreases as the water cut increases. It can be observed also 
that the maximum chord length decreases with an increase in the rotating speeds of the ESP. 
The same conclusion was made by Morales et al. (2013) for centrifugal pumps. 
Figure 4.60 presents the Sauter main diameter variation as a function of water cut for 
each ESP rotational speed for 52 cP oil viscosity at the ESP outlet. Note the clear relationship 
between droplet size and ESP rotational speeds as well as the dispersed phase coalescence 
after continuous phase inversion.  
Increasing the ESP rotational speed results in a decrease of droplet size in the water-in-
oil emulsion for 52 cP oil viscosity. The Sauter mean diameter for water-in-oil is lower than 
oil-in-water emulsions for 52 cP oil viscosity. Before phase inversion, the Sauter mean 
diameter remains constant regardless the water cut. This is because the viscous forces of 
continuous phase hamper droplet coalescence while the ESP rotational speed provides energy 
for droplet breakup. After this, the water becomes a continuous phase and then, as viscous 
forces lessen, oil droplet coalescence is facilitated. 
 
Figure 4.60. Sauter mean diameter as a function of water cut for 800, 1200, and 2400 rpm at 
52 cP oil viscosity. 
The same analyses were performed for 298 cP oil viscosity. Figure 4.61, Figure 4.62 
and Figure 4.63 show the percentages that refer to the total counts of particles as a function of 
the chord length at ESP input. Figure 4.64, Figure 4.65, and Figure 4.66 show the ESP output 
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for the same conditions (800, 1200, and 2400 rpm at 298 cP). The phase inversion occurs at 
approximately 23% water cut.  
 
Figure 4.61. Chord length distribution input for ESP rotating speed of 800 rpm with an oil 
viscosity of 298 cP. 
 
Figure 4.62. Chord length distribution input for ESP rotating speed of 1200 rpm with an oil 




Figure 4.63.Chord length distribution input for ESP rotating speed of 2400 rpm with an oil 
viscosity of 298 cP. 
 
Figure 4.64. Chord length distribution output for ESP rotating speed of 800 rpm with an oil 




Figure 4.65. Chord length distribution output for ESP rotating speed of 1200 rpm with an oil 
viscosity of 298 cP. 
 
Figure 4.66. Chord length distribution output for ESP rotating speed of 2400 rpm with an oil 
viscosity of 298 cP. 
101 
 
When the oil viscosity was 298 cP at ESP rotational speeds of 800 and 2400 rpm, the 
ESP chord length distribution changed significantly between the inlet and outlet. At 1200 rpm 
for the same viscosity, however, the variation was smooth. 
It can be seen in Figure 4.64, Figure 4.65, and Figure 4.66 that between 20 and 25% 
water cuts (phase inversion) chord lengths decrease and percentage of larger particles 
increases for the three ESP rotating speeds. At 1200 rpm, this increase was smooth. After 
phase inversion (oil-in-water), the chord length distribution does not vary significantly with 
the water cut at rotation speeds of 1200 and 2400 rpm. When the oil viscosity is 298 cP, larger 
droplets predominate in the oil-in-water emulsion flow at rotation speeds of 800, 1200, and 
2400 rpm. 
The maximum chord length or distribution width analysis for 298 cP oil viscosity at the 
ESP outlet is illustrated in Figure 4.67, Figure 4.68, and Figure 4.69. 
 
Figure 4.67. Cumulative probability of droplet chord length at an ESP rotating speed of 800 




Figure 4.68. Cumulative probability of droplet chord length at an ESP rotating speed of 1200 
rpm for 298 cP oil viscosity at the ESP outlet. 
 
Figure 4.69. Cumulative probability of droplet chord length at an ESP rotating speed of 2400 
rpm for 298 cP oil viscosity at the ESP outlet. 
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Figure 4.67, Figure 4.68, and Figure 4.69 show a significant maximum droplet size 
variation close to the phase inversion (between 20-25% water cut) only for the ESP rotational 
speed of 800 rpm. For 2400 rpm, the maximum droplet size variation happens near 40% water 
cut and then decreases after that. At an ESP rotational speed of 1200 rpm, the distribution 
does not vary significantly as the water cut increases. 
Presented in Figure 4.70 is the Sauter mean diameter as a function of water cut for each 
rotational speed at 298 cP oil viscosity. This is to clarify the effect of ESP rotational speed 
and oil viscosity on chord length distribution at the ESP outlet. 
 
Figure 4.70. Sauter mean diameter as a function of water cut for 800, 1200, and 2400 rpm at 
298 cP oil viscosity. 
As noted above, for 800 rpm, a clear variation in droplet size can be seen in the phase 
inversion range. For 2400 rpm, the high shear rate produced the lowest droplet size before and 
after it. For 800 and 2400 rpm, the high continuous phase viscosity contributed to small 
droplet sizes before phase inversion as well as those observed in Figure 4.60. 
A different droplet size behavior was observed for 1200 rpm at 298 cP oil viscosity. 
Observing Figure 4.70, it is possible to notice an increase in the Sauter mean diameter as the 
phase inversion point is approached for 1200 rpm and then after it a gradual increase in 
droplet size. These behaviors were observed in all conditions tested, but the Sauter mean 
diameter was expected to be between 800 and 2400 rpm.  
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4.11.3 Influence of Oil Viscosity and ESP Rotational Speed on Chord Length 
Distribution  
The oil viscosity influence on chord length distribution was analyzed. The water-in-oil 
emulsion (10% of water cut) and oil-in-water emulsion (45% of water cut) flows through the 
ESP when it was rotating at 2400 rpm with oil viscosities of 52 and 298 cP were at same total 
flow rate (BEP 2400 rpm @ 298 cP). Figure 4.71 and Figure 4.72 compare the chord length 
distributions for the two viscosities. 
 
Figure 4.71. Comparison of chord length distribution before phase inversion between 52 and 




Figure 4.72. Comparison of chord length distribution after phase inversion between 52 and 
298 cP oil viscosities at 2400 rpm with the same total flow rate and water cut. 
The number of smaller droplets were higher for 298 cP than for 52 cP. Moreover, the 
distribution was wider for 52 cP than for 298 cP , as can be seen in Figure 4.73 and Figure 
4.74, for 10% and 45% of water cut, respectively. Thus, the viscous forces retard droplet 
coalescence. This was also observed in bench tests (Schmitt, 2016). 
This analysis corroborates the results obtained in Section 4.2, where Einstein’s model 
for effective viscosity predicted the emulsion viscosity for high-viscosity oil (small droplets 
behaving like rigid spheres). 
To analyze the impact of high ESP rotational speeds on droplet size distribution, it were 
performed tests keeping constant the total flow rate (26.94 m³/h) and 122 cP oil viscosity for 
rotation speeds of 2400, 3000, and 3500 rpm. The comparisons were made by curves of 
cumulative probability in volume as a function of chord length for the same water cuts. Figure 
4.75 shows a comparison of all the ESP rotational speeds prior to the continuous phase 
inversion (20% water cut). Figure 4.76 shows the same comparison after the phase inversion 




Figure 4.73.Comparison of cumulative probability curve before phase inversion between 52 
and 298 cP oil viscosities for 2400 rpm at same total flow rate and water cut. 
 
Figure 4.74. Comparison of cumulative probability curve after phase inversion between 52 




Figure 4.75. Water-in-oil emulsion cumulative probability in volume for 2400, 3000, and 
3500 rpm at 122 cP oil viscosity. 
 
Figure 4.76. Oil-in-water emulsion cumulative probability in volume for 2400, 3000, and 
3500 rpm at 122 cP oil viscosity. 
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It can be observed in Figure 4.75 and Figure 4.42 that the droplet size affects directly 
the emulsion effective viscosity within the ESP. Therefore, the decrease in droplet size causes 
an increase in effective viscosity. 
It can thus be concluded that in water-in-oil emulsion there is an influence of ESP 
rotational speed on droplet size distribution. As the rotational speed increased there was a 
decrease in the maximum chord length and distribution width. After the continuous phase 
inversion of the oil-in-water emulsion, the ESP rotational speed has no influence. In this case, 






Initially, the emulsion effective viscosity was obtained implicitly through a measured 
pressure differential in the emulsion pipeline (ESP output). This work compared the 
experimental data for two oil viscosities—52 and 313 cP—with four effective viscosity 
models proposed by Einstein (1906, 1911), Taylor (1932), Brinkman (1952) and Roscoe 
(1952) and Furuse (1972). After phase inversion, all models tested presented satisfactory 
agreement with measured effective viscosity for both oil viscosities. Before phase inversion, 
the Brinkman (1952) and Roscoe (1952) model showed good agreement with the 
experimental data for 52 cP oil viscosity (polydisperse system). For 313 cP, Einstein’s model 
(1906, 1911) presented the better effective viscosity prediction (smaller droplet sizes behavior 
as rigid spheres). These results were also observed in bench tests (Schmitt, 2016). 
It were carried out the ESP oil single-phase tests at several rotation speeds and oil 
viscosities for two mineral oils. Viscosity affects the lift capacity and efficiency of centrifugal 
pumps (Zhu et al., 2016) and this was observed in multi-stage centrifugal pumps. 
An experimental analysis of the phase inversion phenomenon in electrical submersible 
pumps under oil-water two-phase flows was performed. The influence of oil viscosity in the 
phase inversion phenomenon was investigated for five ESP rotating speeds (800, 1200, 2400, 
3000, and 3500 rpm) at three oil viscosities (52, 122 and 298 cP) for two mineral oils. 
Viscosity was controlled by changing its temperature.  
In emulsions, the continuous phase directly influences the effective viscosity.  
The experiments started with a water cut equal to zero (oil single-phase flow) and were 
completed with a water cut equal to 100% (water single-phase flow). For low water cuts, the 
continuous phase is the oil and the head capacity and efficiency of the ESP is severely 
affected, with high degradation. As water is added to the mixture, the water cut increases and 
the inversion phase takes place, so the water becomes continuous phase, improving the head 
capacity and efficiency of the ESP. 
The experimental data obtained in this study was compared to the Arirachakaran et al. 
(1989) correlation, and for high oil viscosity (298 cP), the correlation showed small deviations 
from the ESP’s experimental data. For low viscosity (52 cP), the correlation presented 
satisfactory results regardless the ESP’s rotating speed. It was observed that the phase 
inversion point was not affected by the total flow rate and ESP rotating speed. Neither did the 
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high ESP rotational speeds (2400, 3000, and 3500 rpm) affect the continuous phase inversion 
for the Oil B tests (122 cP oil viscosity).  
The hysteresis phenomenon was observed in the ESP for 52 cP oil viscosity and rotating 
speeds of 800 rpm and 1200 rpm, varying the phase inversion phase depending on the initial 
condition (oil-to-water or water-to-oil). Thus, the phase separation process appears to happen 
more easily at low viscosities and low rotational speeds. Other factors that influence this 
phenomenon were surface wettability and initial arrangement of the phases. Therefore, the 
wettability was investigated. It was determined that, for the materials studied, water’s 
wettability is larger than oil’s. This factor may contribute to the hysteresis phenomenon 
observed at low rotational speeds and low viscosities. 
It was developed a complement study on the ESP performance operating with unstable 
water/oil emulsion, analyzing the emulsion effective viscosity within the ESP and droplet size 
characterization.  
This work compared the ESP dimensionless head for unstable water/oil emulsion and 
for single-phase (oil and water). When the ESP operates with a water-in-oil emulsion, its 
dimensionless head is closer to the oil single-phase performance. For the oil-in-water 
emulsion, it is closer to the water single-phase performance.  
The same behavior was noticed for effective viscosity of the emulsion within the ESP 
by using the model proposed by Biazussi (2014) to predict the ESP dimensionless head, fitted 
with experimental data. For Oil A, the effective viscosity was closer to the continuous phase 
viscosity. For the high ESP rotational speeds tests, the emulsion effective viscosity increases 
with the rotation speed increases. For both tests, the effective viscosity decreased as the water 
cut increased up to phase inversion. Thus, different emulsion effective viscosity behaviors 
were observed between pipeline flow and within the ESP. This may have happened due to 
centrifugal field which changed the droplets’ kinetics. 
Using an optical microscope, the comparison of the chord length distribution measured 
by the FBRM and the droplet size distribution was performed. For the system studied, it can 
be observed that the droplets are spherical for system studied. In addition, the one-to-one ratio 
between droplet size and chord length was obtained. Therefore, an analysis of the relationship 
between the Sauter mean diameter and the maximum droplet diameter indicated that the 
ESP’s outlet droplet size distribution was independent on the inlet distribution. 
Using the FBRM measurements, it was possible to detect change on chord length 
distribution with water cut, oil viscosity and ESP rotating speed at the ESP inlet and outlet. A 
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comparison of the chord length distribution at the ESP input and output revealed that, 
regardless inlet distribution, the ESP contributes effectively to emulsion formation. For the 
rotation speeds and oil viscosities tested, the ESP output yielded smaller chord length before 
phase inversion (water-in-oil emulsion) and larger after it. This observation was also noticed 
in bench tests (Schmitt, 2016). For oil viscosities of 52 and 298 cP, the Sauter mean diameter 
shifted to larger droplet sizes up to the phase inversion point for the ESP rotating speeds 
tested. This behavior was reflected in the maximum chord length for the oil viscosity of 52 
cP.  
It was observed that at this viscosity (52 cP) the chord length distribution width 
(maximum chord length) decreased as the ESP rotating speed increased. At the three rotation 
speeds tested for the oil viscosity of 298 cP, the maximum chord length did not vary 
significantly before phase inversion. For this last condition, a minimum droplet size could be 
reached for the conditions tested. An increase in the Sauter mean diameter as the phase 
inversion point is approached for 800, 1200 and 2400 rpm at oil viscosity of 298 cP and then 
after it a gradual increase in droplet size. These behaviors were observed in all conditions 
tested, but the Sauter mean diameter of 1200 rpm was expected to be between 800 and 2400 
rpm. This may happens due to a different droplet breakup and coalescence equilibrium 
reached in this conditions. 
The influence of oil viscosity on chord length distribution was analyzed for a rotating 
speed of 2400 rpm and keeping the total flow rate steady. Before and after phase inversion, 
the high viscosity oil (298 cP) presented a smaller particle size than did the low viscosity oil 
(52 cP). Consequently, the maximum chord length was greater for 52 cP than for 298 cP oil 
viscosity. This shows that the viscous force hampered the droplets’ coalescence. This 
phenomenon was also observed in bench tests (Schmitt, 2016). From observing the emulsion 
effective viscosity in pipeline flow results and these data, it seems safe to assume that small 
droplet size is consistent with high viscosity oil.  
To analyze the high ESP rotational speeds (2400, 3000, and 3500 rpm) effects on 
maximum droplet diameter, it was performed tests keeping constant the total flow rate and oil 
viscosity (122 cP). It was observed that the maximum droplet size decreased with an increase 
of ESP rotational speed for the w/o emulsion. For the o/w emulsion under the same 
conditions, no changes were observed in droplet size distribution. Comparing these results 
with emulsion effective viscosity within ESP for w/o emulsions, it can be concluded that the 
smaller the droplet size the lower the effective viscosity.  
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Based on the conclusions this work, below are some recommendations for future work: 
 Obtain the ESP performance curves operating with stable oil/water emulsions 
for several oil viscosities to analyze the phase inversion phenomenon and the 
emulsion effective viscosity within an ESP. 
 Investigate if the oil chemical components affect the phase inversion and 
emulsion physical properties, like the effective viscosity. 
 Analyze the droplet size distribution for high viscous oil and water at the ESP 
inlet and outlet, in order to investigate the droplet breakup and coalescence 
equilibrium in the phase inversion phenomenon. 
 Obtain droplet size distribution for several water cuts to analyze as statistical 
parameters changes with ESP rotational speed, total flow rate, and oil viscosity. 
 Carry out the visualization experiments in order to get a physical understanding 
of the dynamics of droplets within the ESP. 
 Study mechanist models that take into account the turbulence and shear effects 
to obtain the maximum droplet size or one kind of mean droplet diameter in 
stable and unstable emulsions. 
 Extend the ESP three-phase tests matrix for several gas mixtures, oil viscosities, 
and ESP rotational speeds to improve the analysis of the gas presence in the 
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APPENDIX A. Experimental Uncertainties Analysis 
Not all value measurements have complete accuracy. The complete knowledge of 
measurements requires infinite information. Thus, the reliability of experimental measurement 
is associated with the maximum deviation around the best value estimation of a parameter. 
The deviation depends on several factors, including instrument, environmental conditions, and 
operator ability. This measured range is denominated as experimental uncertainty and it is 
expressed as 
𝐾 ± ∆𝐾 (A.1) 
where K is the best value estimation and ∆𝐾 is its standard uncertain, which is 
calculated based on normalized procedures.  
INMETRO (2008) presented the rule Standard Procedure to express a measurement as 
uncertain. Two types of uncertainty are considered 
 Types A: it is determined by statistical analysis based on various measurements.  
 Types B: it is not determined by statistical analysis based on various measurements. 
In this work, an experimental uncertainty of type B will be adopted because the 
acquisition data was made a one-time due phenomenon and operational condition 
complexities.  
A.1. Combined uncertainty 
Usually, the analyzed parameter in experimental phenomenon is composed of many 
measurements. Thus, it is necessary to calculate a combined uncertainty of measurements. 
This combination represents the measurement deviation of real value related to the 
phenomenon studied. 
Whereas t as a function of statically independent variables x and y, the standard 
















where ux and uy are the estimated standard uncertainty of x and y respectively. The partial 
derivation (𝜕𝑡 𝜕𝑥⁄  and 𝜕𝑡 𝜕𝑦⁄ ) represents the t function sensibility in relationship with x and y 
respectively. 
Thus, the general formula used to propagate the standard uncertainly for a function with 
many independent variables is given by: 










When the function which described the phenomenon studied is composed of 































= 𝑢𝑋 (A.6) 
𝛿𝑥𝑖
𝑥𝑖
= 𝑢𝑥𝑖 (A.7) 
Therefore: 










Equation (A.8) determines the experimental uncertainty related with the fraction of 
measured value.  
A.2. Standard Uncertainty Analyses of ESP Pressure Increment 




𝑃𝐸𝑆𝑃 = (𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛) 𝑛𝑠𝑡𝑎𝑔𝑒𝑠
−1  (A.9) 
where 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡 are the ESP pressure inlet and outlet respectively and 𝑛𝑠𝑡𝑎𝑔𝑒𝑠is the number 









where 𝑢𝑃𝑜𝑢𝑡  and 𝑢𝑃𝑖𝑛are the pressure transducers uncertainty informed by the 
manufacturer. 
A.3. Standard Uncertainty Analyses of Shaft Power 
The ESP shaft power may be determined using the following expression: 
𝑊𝑠ℎ𝑎𝑓𝑡 = 𝑇𝑤  𝜔 𝑛𝑠𝑡𝑎𝑔𝑒𝑠
−1  (A.11) 
where T is the torque measured at the ESP shaft using a torquemeter and 𝜔 is the ESP 
rotational speed. The rotation of ESP was measured with an optical tachometer, where the 
unit is rotation per minute (R). Thus, Equation (A.11) can be expressed as: 
𝑊𝑠ℎ𝑎𝑓𝑡 = 𝑇𝑤  𝜋 𝑅 (30 𝑛𝑠𝑡𝑎𝑔𝑒𝑠)
−1
 (A.12) 








where  𝑢𝑇 and 𝑢𝑅 are the torquemeter and tachometer uncertainty. Manufacturers provide 
information on both standard uncertainties.  
A.4. Standard Uncertainty Analyses of Water and Oil Flow Rate 
In the ESP loop facility, the water and oil mass flow rate was directly measured using 
Coriolis. Thus, the water and oil flow rate was obtained by the following equation: 




where the subscript k is water (w) or oil (o). Then, 𝑚𝑘̇  and 𝜌𝑘  is the mass flow rate and 
specific mass of the phase k, respectively.  
Thus, the combined uncertainty of water or oil flow rate is calculated by  








where 𝑢𝑚𝑘̇  and 𝑢𝜌𝑘 are the experimental uncertainties of mass flow rate and specific mass. 
The mass flow rate (water or oil) was measured by Coriolis, in which the experimental 
uncertainty was given by the manufacturer. Coriolis exhibited the first one and the second one 
is a function of temperature (𝑢𝜌𝑘 = 𝑢𝑇). 
 
A.5. Standard Uncertainty Analyses of Total Flow Rate 
The liquid total flow rate is given by the sum of water and oil total flow rate for the two 
phases tests.  
𝑄𝐿 = 𝑄𝑊 + 𝑄𝑂  (A.16) 
where 𝑄𝑊and 𝑄𝑂are the water and oil flow rate, respectively 
The combined uncertainty of total flow rate is determined by the following expression: 








where 𝑢𝑄𝑊 and 𝑢𝑄𝑂are the experimental uncertainty of water and oil flow rate respectively. 
Coriolis’s manufacturer provides these uncertainties.  
A.6. Standard Uncertainty Analyses of ESP efficiency 
The ESP efficiency is determined by the ratio between hydraulic energy and shaft 
power. 
𝜂 = 𝑃𝐸𝑆𝑃  𝑄𝐿 (𝑊𝑠ℎ𝑎𝑓𝑡  𝑛𝑠𝑡𝑎𝑔𝑒𝑠)
−1
 (A.18) 













where 𝑢𝑃𝐸𝑆𝑃and 𝑢𝑊𝑠𝑡𝑎𝑓𝑓  are the combined uncertainty of ESP pressure increment and power 
shaft. 
A.7. Standard Uncertainty Analyses of Water Fraction (Water Cut)  
The water homogenous fraction at ESP inlet is given by the ratio between water and 




𝑄𝑂 + 𝑄𝑊) (𝑄𝐿)
−1] 100 (A.20) 
where 𝑊𝐶𝑀 is the water fraction measured by water cut meter present at oil pipeline. 
The combined uncertainty of water fraction is expressed by 
 












where 𝑢𝑊𝐶𝑀 is the experimental uncertainty of water cut meter, which is provided by the 
manufacturer. 
 
A.8. Standard Uncertainty Analyses of Gas Flow Rate 
 
Considering the air like an ideal gas, the gas flow rate can be determined by the 
following equation 
𝑄𝐺 = ?̇?𝐺  𝑅 𝑇 (𝑃)
−1 (A.22) 
where ?̇?𝐺  is the gas mass flow, 𝑅 is the gas universal constant, 𝑇𝑖𝑛 and 𝑃𝑖𝑛 are the 
temperature and pressure at ESP input, respectively.  












A.9. Standard Uncertainty Analyses of Three-Phase Flow Rate 
The three-phase flow rate is the sum of gas and liquid (water-oil mixture) flow rate. 
𝑄𝑇 = 𝑄𝐺 + 𝑄𝐿 (A.24) 









A.10. Standard Uncertainty Analyses of Gas Fraction 
The homogenous gas fraction at ESP inlet is the ratio between gas flow rate and the sum 
of gas and liquid total flow rate. 
𝜆 = 𝑄𝐺(𝑄𝑇)
−1 (A.26) 
Therefore, the combined uncertainty of the gas fraction can be determined using the 
following expression: 








where 𝑢𝑄𝐿  is the combined uncertainty of liquid total flow rate, 𝑢?̇?𝐺 , 𝑢𝑇𝑖𝑛and 𝑢𝑃𝑖𝑛are the 
uncertainty of gas Coriolis, PT100 and pressure transductor provided by the manufacturers. 
A.11. Standard Uncertainty Analyses of ESP Dimensionless Head  
The ESP dimensionless head equation is given by: 
𝛹 = 𝑃𝐸𝑆𝑃  𝜌
−1 𝜔−2𝐷−2 (A.28) 














where 𝑢𝑃ESP, 𝑢𝜌, 𝑢𝜔 and 𝑢𝐷 are the uncertainty of ESP pressure increment, specific mass, 
ESP rotational speed, and ESP impeller diameter, respectively. Considering that the specific 










A.12. Standard Uncertainty Analyses of ESP Dimensionless Flow Rate 
The ESP dimensionless flow rate equation is given by: 
𝛷 = 𝑄𝐿  𝜔
−1 𝐷−3 (A.31) 
The combined uncertainty of dimensionless flow rate is obtained by the following 
expression: 
𝑢𝛷





where 𝑢𝑄𝐿 , 𝑢𝜔 and 𝑢𝐷 are the uncertainties of liquid flow rate, ESP rotational speed, and ESP 
impeller diameter, respectively.  
A.13. Standard Uncertainty Analyses of ESP Dimensionless Shaft 
Power 
The ESP dimensionless shaft power equation is given by: 
𝛱 = 𝑊𝑠ℎ𝑎𝑓𝑡  𝜌
−1 𝜔−3 𝐷−5 (A.33) 
The combined uncertainty of dimensionless flow rate is obtained by the following 
expression: 
𝑢𝛱









A.14. Combined Uncertainty Results 
As shown, the combined uncertainty calls for the instruments’ relative uncertainties. For 
this, values noted by the equipment manufacturer will be used for the relative uncertainties. 
The Table A.1 shows the relative uncertainty for each measuring instrument present in ESP 
flow loop. 
Table A.1. Relative uncertainties for the variables measured in the experimental facility. 
Variable Relative Uncertainty (%) 
𝒖?̇?𝑮 0.03 
𝒖𝒎?̇?  0.20 
𝒖𝒎𝒆̇  0.02 
𝒖𝒎𝒐̇  0.20 
𝒖𝑷𝒐𝒖𝒕/𝒖𝑷𝒊𝒏 0.075 
𝒖𝑷𝒅𝒊𝒇𝒇 0.04 
𝒖𝑾𝑪𝑴  1.00 





Using this relative uncertainties, it were calculated the combined uncertainties. Table 













Table A.2. Combined uncertainties for the indirect variables of the experimental facility. 
Variable Combined Uncertainty 
(%) 
𝒖𝑷𝑬𝑺𝑷  0.11 





𝒖𝑾𝑪𝑻  1.08 
𝒖𝑸𝑮 0.09 







APPENDIX B. ESP Dimensionless Head Data Operating With 
Water/Oil Emulsion, Oil And Water Single-Phase 
Table B.3, Table B.4, Table B.5, Table B.6, Table B.7 and Table B.8 shows the ESP 
dimensionless head deviation between the emulsion and the single-phases for three rotational 
speeds (800, 1200 and 2400 rpm) at 52 and 298 cP oil viscosity. It is important to highlight 
that the phase inversion point was found around 22% of water cut for 298 cP oil viscosity and 



























Table B.3. Comparison of ESP dimensionless head of emulsion, water and oil for 800 rpm at 
52 cP oil viscosity. 
800 rpm - 52 cP oil viscosity 






[%] [-] [-] [-] [%] [%] 
0.13 7.5347E-02 7.4393E-02 1.07E-01 1.28% - 
0.15 7.4257E-02 7.4393E-02 1.07E-01 0.18% - 
0.16 7.4262E-02 7.4393E-02 1.07E-01 0.18% - 
0.19 7.3611E-02 7.4393E-02 1.07E-01 1.05% - 
0.22 7.4279E-02 7.4393E-02 1.07E-01 0.15% - 
0.24 7.4166E-02 7.4393E-02 1.07E-01 0.31% - 
0.25 7.4565E-02 7.4393E-02 1.07E-01 0.23% - 
0.25 7.4543E-02 7.4393E-02 1.07E-01 0.20% - 
0.27 7.4627E-02 7.4393E-02 1.07E-01 0.31% - 
0.28 7.4808E-02 7.4393E-02 1.07E-01 0.56% - 
0.29 7.5340E-02 7.4393E-02 1.07E-01 1.27% - 
0.34 9.1230E-02 7.4393E-02 1.07E-01 - 14.81% 
0.38 9.4154E-02 7.4393E-02 1.07E-01 - 12.08% 
0.43 9.6584E-02 7.4393E-02 1.07E-01 - 9.81% 
0.48 9.7144E-02 7.4393E-02 1.07E-01 - 9.28% 
0.52 9.7886E-02 7.4393E-02 1.07E-01 - 8.59% 
0.58 9.7949E-02 7.4393E-02 1.07E-01 - 8.53% 
0.62 9.8210E-02 7.4393E-02 1.07E-01 - 8.29% 
0.67 9.8373E-02 7.4393E-02 1.07E-01 - 8.14% 
0.71 9.8604E-02 7.4393E-02 1.07E-01 - 7.92% 
0.77 9.8624E-02 7.4393E-02 1.07E-01 - 7.90% 
0.81 9.8422E-02 7.4393E-02 1.07E-01 - 8.09% 
0.87 9.8841E-02 7.4393E-02 1.07E-01 - 7.70% 
0.91 9.8696E-02 7.4393E-02 1.07E-01 - 7.84% 
0.96 9.9361E-02 7.4393E-02 1.07E-01 - 7.21% 
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Table B.4. Comparison of ESP dimensionless head of emulsion, water and oil for 800 rpm at 
298 cP oil viscosity. 
800 rpm - 298 cP oil viscosity 







[%] [-] [-] [-] [%] [%] 
0.05 4.6738E-02 4.9075E-02 1.09E-01 4.76% - 
0.09 4.8774E-02 4.9075E-02 1.09E-01 0.61% - 
0.12 4.9114E-02 4.9075E-02 1.09E-01 0.08% - 
0.14 5.4298E-02 4.9075E-02 1.09E-01 10.64% - 
0.20 9.1531E-02 4.9075E-02 1.09E-01 - 16.04% 
0.25 9.3725E-02 4.9075E-02 1.09E-01 - 14.03% 
0.30 9.5960E-02 4.9075E-02 1.09E-01 - 11.98% 
0.35 9.8531E-02 4.9075E-02 1.09E-01 - 9.62% 
0.39 1.0008E-01 4.9075E-02 1.09E-01 - 8.20% 
0.45 1.0110E-01 4.9075E-02 1.09E-01 - 7.27% 
0.50 1.0254E-01 4.9075E-02 1.09E-01 - 5.94% 
0.55 1.0300E-01 4.9075E-02 1.09E-01 - 5.52% 
0.60 1.0338E-01 4.9075E-02 1.09E-01 - 5.17% 
0.66 1.0344E-01 4.9075E-02 1.09E-01 - 5.12% 
0.71 1.0385E-01 4.9075E-02 1.09E-01 - 4.74% 
0.76 1.0346E-01 4.9075E-02 1.09E-01 - 5.09% 
0.80 1.0371E-01 4.9075E-02 1.09E-01 - 4.86% 
0.85 1.0360E-01 4.9075E-02 1.09E-01 - 4.97% 
0.90 1.0346E-01 4.9075E-02 1.09E-01 - 5.10% 
0.95 1.0414E-01 4.9075E-02 1.09E-01 - 4.47% 







Table B.5. Comparison of ESP dimensionless head of emulsion, water and oil for 1200 rpm at 
52 cP oil viscosity. 
1200 rpm - 52 cP oil viscosity 







[%] [-] [-] [-] [%] [%] 
0.09 7.4801E-02 7.5602E-02 9.08E-02 1.06% - 
0.19 7.3161E-02 7.5602E-02 9.08E-02 3.23% - 
0.24 7.3798E-02 7.5602E-02 9.08E-02 2.39% - 
0.29 7.2983E-02 7.5602E-02 9.08E-02 3.46% - 
0.38 9.1915E-02 7.5602E-02 9.08E-02 - 1.22% 
0.42 9.3363E-02 7.5602E-02 9.08E-02 - 2.82% 
0.51 9.3840E-02 7.5602E-02 9.08E-02 - 3.34% 
0.61 9.3970E-02 7.5602E-02 9.08E-02 - 3.49% 
0.66 9.3360E-02 7.5602E-02 9.08E-02 - 2.81% 
0.71 9.3954E-02 7.5602E-02 9.08E-02 - 3.47% 
0.76 9.3622E-02 7.5602E-02 9.08E-02 - 3.10% 
0.81 9.3881E-02 7.5602E-02 9.08E-02 - 3.39% 
0.85 9.4674E-02 7.5602E-02 9.08E-02 - 4.26% 
0.91 9.3932E-02 7.5602E-02 9.08E-02 - 3.44% 
0.95 9.4703E-02 7.5602E-02 9.08E-02 - 4.29% 













Table B.6. Comparison of ESP dimensionless head of emulsion, water and oil for 1200 rpm at 
298 cP oil viscosity. 














[%] [-] [-] [-] [%] [%] 
0.09 5.9310E-02 5.6352E-02 9.95E-02 5.25% - 
0.17 6.3591E-02 5.6352E-02 9.95E-02 12.84% - 
0.21 6.5033E-02 5.6352E-02 9.95E-02 15.41% - 
0.22 6.4599E-02 5.6352E-02 9.95E-02 14.63% - 
0.27 9.4751E-02 5.6352E-02 9.95E-02 - 4.79% 
0.30 9.7613E-02 5.6352E-02 9.95E-02 - 1.91% 
0.36 9.9485E-02 5.6352E-02 9.95E-02 - 0.03% 
0.41 1.0061E-01 5.6352E-02 9.95E-02 - 1.10% 
0.47 1.0044E-01 5.6352E-02 9.95E-02 - 0.92% 
0.52 1.0170E-01 5.6352E-02 9.95E-02 - 2.19% 
0.56 1.0191E-01 5.6352E-02 9.95E-02 - 2.41% 
0.61 1.0267E-01 5.6352E-02 9.95E-02 - 3.17% 
0.67 1.0283E-01 5.6352E-02 9.95E-02 - 3.33% 
0.72 1.0265E-01 5.6352E-02 9.95E-02 - 3.15% 
0.77 1.0277E-01 5.6352E-02 9.95E-02 - 3.26% 
0.81 1.0266E-01 5.6352E-02 9.95E-02 - 3.16% 
0.86 1.0255E-01 5.6352E-02 9.95E-02 - 3.05% 
0.91 1.0254E-01 5.6352E-02 9.95E-02 - 3.04% 
0.95 1.0218E-01 5.6352E-02 9.95E-02 - 2.67% 








Table B.7. Comparison of ESP dimensionless head of emulsion, water and oil for 2400 rpm at 
52 cP oil viscosity. 














[%] [-] [-] [-] [%] [%] 
0.14 8.1774E-02 8.1247E-02 8.95E-02 0.65% - 
0.18 8.1221E-02 8.1247E-02 8.95E-02 0.03% - 
0.24 8.1987E-02 8.1247E-02 8.95E-02 0.91% - 
0.31 8.3171E-02 8.1247E-02 8.95E-02 2.37% - 
0.36 9.0700E-02 8.1247E-02 8.95E-02 - 1.35% 
0.41 9.2286E-02 8.1247E-02 8.95E-02 - 3.12% 
0.47 9.2075E-02 8.1247E-02 8.95E-02 - 2.89% 
0.51 9.2260E-02 8.1247E-02 8.95E-02 - 3.09% 
0.56 9.2056E-02 8.1247E-02 8.95E-02 - 2.86% 
0.61 9.2329E-02 8.1247E-02 8.95E-02 - 3.17% 
0.66 9.2582E-02 8.1247E-02 8.95E-02 - 3.45% 
0.71 9.2307E-02 8.1247E-02 8.95E-02 - 3.14% 
0.77 9.2210E-02 8.1247E-02 8.95E-02 - 3.04% 
0.81 9.2088E-02 8.1247E-02 8.95E-02 - 2.90% 
0.86 9.2053E-02 8.1247E-02 8.95E-02 - 2.86% 
0.91 9.2119E-02 8.1247E-02 8.95E-02 - 2.93% 
0.95 9.2425E-02 8.1247E-02 8.95E-02 - 3.28% 










Table B.8. Comparison of ESP dimensionless head of emulsion, water and oil for 2400 rpm at 
298 cP oil viscosity. 














[%] [-] [-] [-] [%] [%] 
0.14 6.8565E-02 6.6467E-02 9.76E-02 3.16% - 
0.17 7.0224E-02 6.6467E-02 9.76E-02 5.65% - 
0.22 8.0345E-02 6.6467E-02 9.76E-02 - 17.66% 
0.26 9.4655E-02 6.6467E-02 9.76E-02 - 3.00% 
0.29 9.6573E-02 6.6467E-02 9.76E-02 - 1.03% 
0.32 9.7652E-02 6.6467E-02 9.76E-02 - 0.07% 
0.36 9.8091E-02 6.6467E-02 9.76E-02 - 0.52% 
0.41 9.8901E-02 6.6467E-02 9.76E-02 - 1.35% 
0.47 9.9476E-02 6.6467E-02 9.76E-02 - 1.94% 
0.51 9.9141E-02 6.6467E-02 9.76E-02 - 1.60% 
0.59 9.9354E-02 6.6467E-02 9.76E-02 - 1.82% 
0.60 9.9318E-02 6.6467E-02 9.76E-02 - 1.78% 
0.67 9.9551E-02 6.6467E-02 9.76E-02 - 2.02% 
0.72 9.9548E-02 6.6467E-02 9.76E-02 - 2.02% 
0.76 9.9403E-02 6.6467E-02 9.76E-02 - 1.87% 
0.81 9.9347E-02 6.6467E-02 9.76E-02 - 1.81% 
0.87 9.9256E-02 6.6467E-02 9.76E-02 - 1.72% 
0.91 9.8878E-02 6.6467E-02 9.76E-02 - 1.33% 
0.96 9.9101E-02 6.6467E-02 9.76E-02 - 1.56% 
1.00 9.8814E-02 6.6467E-02 9.76E-02 - 1.26% 
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APPENDIX C. Emulsion Effective Viscosity Data Comparison 
within ESP 
Table C.9, Table C.10, Table C.11, Table C.12, Table C.13 and Table C.14 presents the 
water cut, the effective viscosity in the ESP and the relative deviation between oil viscosity 
and emulsion water-in-oil viscosity for three rotational speeds (800, 1200 and 2400 rpm) and 
two oil viscosities (52 and 298 Pa.s). 
Table C.9. Deviation between effective viscosity and the single-phase oil viscosity up to 
phase inversion at 800 rpm and 52 cP oil viscosity. 
800 rpm – 52 cP oil viscosity 




















Table C.10. Deviation between effective viscosity and the single-phase oil viscosity up to 
phase inversion at 800 rpm and 298 cP oil viscosity. 
800 rpm – 298 cP oil viscosity 






Table C.11. Deviation between effective viscosity and the single-phase oil viscosity up to 
phase inversion at 1200 rpm and 52 cP oil viscosity. 
1200 rpm – 52 cP oil viscosity 






Table C.12. Deviation between effective viscosity and the single-phase oil viscosity up to 
phase inversion at 1200 rpm and 298 cP oil viscosity. 
1200 rpm – 298 cP oil viscosity 










Table C.13. Deviation between effective viscosity and the single-phase oil viscosity up to 
phase inversion at 2400 rpm and 52 cP oil viscosity. 
2400 rpm – 52 cP oil viscosity 








Table C.14. Deviation between effective viscosity and the single-phase oil viscosity up to 
phase inversion at 2400 rpm and 298 cP oil viscosity. 
2400 rpm – 298 cP oil viscosity 
Water cut Deviation 
[-] [%] 
0.14 14.75 
0.17 1.01 
 
